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.  .  ..■^ABSTRACT..  ^ 

The  D\:igout  event  was  a  row  cratering  experiment  in  which  five 
20-ton  nitromethane  charges  spaced  45  feet  apaxt  at  depths  of  59 
feet  in  dry  basalt  were  detonated  simiiltaneously.  The  explosion 
produced  an  apparent  crater  about  135  feet  vride,  285  feet  long,  and 
35  feet  deep.  Preshot  and  postshot  HX  core  and  calyx  hole  drilling, 
trenching,  laboratory  analysis  of  core  samples,  and  analysis  of 
photographs  have  revealed  preshot  structure,  the  extent  and  charac¬ 
teristics  of  the  ejecta  and  fallback,  the  zone  of  blast  fracturing, 
the  zone  of  bulking,  and  a  sheared  zone. 

As  revealed  by  preshot  drilling,  the  upper  basalt  layer  consists 
of  about  40  feet  of  vesicular  basalt  overlying,  with  a  gradational 
contact,  about  50  feet  of  dense  basalt.  The  vesicular  basalt  has 
been  subdivided  into  four  types  on  the  basis  of  vesicle  content  and 
fabric.  From  2  to  l4  feet  of  silt  overlies  the  bedrock. 

Unconfined  compressive  strength  for  6  samples  ranges  from  about 
7,000  to  17,000  psi.  Samples  of  dense  basalt  tested  triaxially  show 
a  greater  increase  of  strength  with  confining  pressure  than  does  a 
sample  of  vesicular  basalt.  Dynamic  laboratory  tests  gave  a  compres¬ 
sion  wave  velocity  of  l6,000  ft/sec  for  dense  basalt  and  about  13,000 
ft/sec  for  slightly  vesicular  basalt,  and  they  indicated  that  Pois¬ 
son's  ratio  averages  about  0.25.  Field  seismic  and  vibratory  studies 
indicate  compression  and  shear  wave  velocities  of  about  1,000  and 


700  ft/sec,  respectively,  in  the  surface  soil  and  4,000  and  1,300 
ft/sec,  respectively,  in  highly  vesicular  basalt. 

Flow  layers  complicating  the  otherwise  simple  stratigraphy  form 
a  system  of  nested  cylinders  with  a  mutual  axis  that  parallels  the 
direction  of  flow  of  the  lava  while  it  was  still  partly  molten. 
Natural  and  blast-induced  fractures  have  a  preferred  orientation 
parallel  to  flow  layers.  A  second  preferred  orientation  of  joints 
is  perpendicvilar  to  flow  layers,  but  one  major  set  of  this  group 
oriented  normal  to  the  cylinder  axis  is  believed  to  be  the  dominant 
structural  element  modifying  the  crater  process. 

A  more  or  less  continuous  blanket  of  ejecta  extends  as  far  as 
500  feet  (in  one  direction)  laterally  from  the  preshot  position  of 
the  line  of  charges.  This  granular  material  has  a  bulking  factor 
of  about  1.39.  In  the  subsurface,  the  zone  of  in  situ  bulking  and 
the  zone  of  blast  fracturing  extend  laterally  as  far  as  250  feet,  but 
in  detail  there  appears  to  be  a  concentration  of  fracturing  at  a 
depth  of  about  60  feet.  A  zone  of  shear  deformation  extends  at 
least  as  far  laterally  from  the  row  charge  as  100  feet.  In  each  of 
these  three  subsurface  zones  the  intensity  of  deformation  decreases 
outward. 

The  zone  of  blast  fracturing  along  the  projection  of  the  row 
charge  extends  only  about  I60  feet  from  the  end  charge  position,  and 
the  zone  of  shear  deformation  extends  about  l40  feet.  A  fourth  zone 


characterized  hy  relative  displacement  of  points  toward  the  crater 
with  respect  to  points  "below  is  evident  'along  the  lip  a:t  the  west  end 
of  the  crater.  ' 


PREFACE 


The  geological  engineering  studies  described  in  this  report  were 
conducted  by  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  . 
(WES),  the  U.  S.  Army  Engineer  Nuclear  Cratering  Group  (NCG),  and 
several  private  contractors.  Although  the  responsibility  for  the 
final  report  was  assigned  to  WES  by  NCG,  each  organization  made  size¬ 
able  contributions.  These  contributions  are  mentioned  luider  Field 
Investigations  (Section  1.5),  or  at  the  beginning  of  the  pertinent 
section. 

The  drilling  program  was  under  the  direction  of  Mr.  T.  B.  Goode, 
Embankment  and  Foundation  Branch,  Soils  Division.  Logging  of  bor¬ 
ings,  mapping  of  calyx  holes  and  trench  walls,  and  collecting  of 
field  data  were  accomplished  by  Mr.  E.  W.  Hunt  and  Dr.  R.  J.  Button, 
Geology  Branch,  Soils  Division.  Physical  tests  of  cores  were  per¬ 
formed  by  Mr.  K.  L.  Saucier,  Engineering  Materials  Branch,  Concrete 
Division. 

LT  R.  C.  Nugent  contributed  to  the  early  stages  of  report  prep¬ 
aration.  The  report  was  written  by  Dr.  Button  with  the  help  of 
Mr.  D.  M.  Bailey,  Mr,  Hunt,  and  SP  4  L.  D.  Carter,  under  the  super¬ 
vision  of  Dr.  C.  R.  Kolb  and  Mr.  W.  B.  Steinriede,  Jr.,  Geology 
Branch,  and  Messrs.  J,  R,  Compton  and  W.  C.  Sherman,  Jr.,  Embankment 
and  Fo\indation  Branch,  all  under  the  supervision  of  Messrs  W.  J. 
Turnbull  and  A.  A.  Maxwell,  Soils  Division.  NCG  personnel  associated 


with  the  project  were  Messrs.  P.  R.  Fisher,  A.  D.  Frandsen,  and  A.  L. 
Remboldt. 

Directors  of  the  NCG  during  the  conduct  of  this  study  and  the' 
preparation  of  the  report  were  LTC  E.  C.  Graves,  Jr.,  and  LTG  W.  J. 
Slazak.  Directors  of  the  WES  were  COL  A.  G.  Sutton,  Jr.,  and 
COL  J.  R.  Oswalt,  Jr.  Technical  Director  of  the  WES  was  Mr.  Jv  B. 


Tiffany. 
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CHAPTER  1 


INTRODUCTION  ^  r 

Project  Dugout  was  a  chemitial  explosive  row- charge  cratering  ex¬ 
periment  in  the  hard,  dry  basalt  of  Buckboard  Mesa,,-  Nevada  Test  Bite 
(NTS)  (Figure  !•!)  conducted  as  part  of  the  Plowshare  Program  for 
development  of  nuclear  excavation  technology  (Reference  l).  It  con¬ 
sisted  of  five  20- ton  charges  of  nitromethane  spaced  linearly  at  45- 
foot  intervals  at  a  depth  of  59  feet  and  detonated  simultaneously. 

1.1  PURPOSE  OF  PROJECT 

The  purpose  of  the  project  was  to  extend  knowledge  of  row- charge 
phenomenology  from  alluvial  and  playa  media  to  hard,  dry  basalt  rock. 

1.2  SCOPE  OF  THIS  REPORT 

This  report,  one  of  several  on  Project  Dugout,  is  limited  to 
describing  conditions  and  material  properties  bearing  on  the  engi¬ 
neering  aspects  of  crater  excavation.  It  presents  the  results  of 
the  preshot  and  postshot  geological  engineering  investigations  by 
the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  and  the 
U.  S.  Army  Engineer  Nuclear  Cratering  Group  (NCG). 

Major  aspects  investigated  are  as  follows:  (l)  the  crater  con¬ 
figuration,  (2)  deformation  of  the  basalt  outside  the  true  crater, 

(3)  the  relation  of  the  crater  configuration  and  bulk  deformation  to 


the  natural  joint  system  and  in  turn  to  the  natural  primary  structure 
of  the  basalt,  (4)  the  grain  size  of  the  ejecta  blanket,  (5)  the  ex¬ 
tent  of  the  blast- fractured  zone,  and  (6)  the  extent  of  the  bulked 
zone , 


1.3  PRE\n:OUS  WORK 

The  earliest  geological  investigations  on  Buckboard  Mesa  in 
connection  with  cratering  experiments  were  conducted  as  part  of  Proj¬ 
ect  Buckboard  (Reference  2),  a  series  of  13  high- explosive  events 
detonated  in  the  summer  of  i960.  In  this  work,  data  from  cores  and 
from  the  emplacement  holes  were  evaluated  to  determine  the  effect  of 
geologic  factors  on  crater  shapes  and  sizes  and  on  the  distribution 
of  ejecta  (Reference  3). 

In  1961,  resistivity  measurements  were  made,  and  core  holes  were 
drilled  in  the  immediate  vicinity  of  the  Project  Danny  Boy  site  (Ref¬ 
erences  4  through  7).  ResTilts  of  postshot  geological  investigations 
conducted  there  by  the  Lawrence  Radiation  Laboratory  (LRL)  and  a 
final  report  of  investigations  by  WES  have  been  published  (Refer¬ 
ences  8,  9,  and  10). 

Subsequently,  extensive  geological  engineering  field  investiga¬ 
tions  have  been  carried  out  for  cratering  experiments  conducted  on 
Buckboard  Mesa  by  WCG  during  Projects  Pre-Schooner  and  Sulky,  and 
final  reports  have  been  prepared  (References  11  and  12). 
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1.4  LOCATION 

The  Dugout  site  is  on  the  southern  half  of  Buckhoard  Mesa 
(Figure  1.2).  The  geographic  locations  of  the  core  holes  are 
given  in  Tables  1.1  and  1.2  in  coordinates  of  the  Nevada  state 
coordinate  system. 

1.5  FIELD  AND  LABORATORY  INVESTIGATIONS 

Fotxt  areas  were  investigated  for  possible  use  as  the  Dugout 
site  after  examination  of  subsurface  data  collected  on  Buckboard 
Mesa  during  previous  investigations  (Reference  13)  revealed  several, 
promising  areas. 

Borings  NGG  20  through  NCG  24,  drilled  in  December  I96 3  and 
February  1964  exploring  an  area  centered  at  N  852,600  E  594,200,^ 
encountered  relatively  heterogeneous  basalt  with  a  relatively  poor 
core  recovery.  A  vibratory  seismic  investigation  was  also  .conducted 
at  this  location,  and  it  revealed  a  thick  layer  of  soil  over  part  of 
the  area. 

The  area  centered  at  N  854,315  E  5915750  is  penetrated  by 
borings  NCG  1.1,  1.2,  and  1.3  of  the  previous  investigations.  Addi¬ 
tional  borings,  NCG  27,  3I,  32,  33,  and  34,  were  drilled  in  March 
1964  for  the  Dugout  site  selection  investigations.  A  third  site 


1  Nevada  state  coordinates. 


west  of  this. area  was  investigated,  but  it  also  did  not  exhibit  the 
required  subsurface  conditions. 

The  area  finally  selected  for  the  Dugout  experijnent  was  explored 
by  a  total  of  15  NX  holes  including  those  used  for  site  selection 
(Figure  1.3).  Most  of  these  holes  were  photographed  by  borehole 
camera,  and  all  cores  were  logged.  The  walls  of  the  10  calyx  holes 
drilled  to  about  a  64-foot  depth  by  Cannon  Drilling  Co.  in  February 

and  March  1964  were  mapped  in  detail. 

Representative  core  samples  from  the  selected  site  were  tested 
in  the  laboratory  to  determine  the  physical  properties  of  the  basalt. 
Studies  conducted  for  design  and  installation  of  the  lining  and  stem¬ 
ming  of  the  charge  are  reported  elsewhere  (Reference  l4). 

After  emplacement  of  charges  on  the  day  before  detonation,  the 
site  was  photographed  from  the  air  by  American  Aerial  Surveys,  Inc., 
and  subsequently  a  topographic  map  was  prepared.  Postshot  topo¬ 
graphic  maps  were  also  prepared  from  aerial  photographs  taken  on  the 
day  after  detonation.  Subsequently,  the  lip  and  true  crater  were 
explored  by  trenching  along  lines  extending  west  and  south  from  the 
crater.  A  portion  of  the  south  trench  provided  a  sample  for  bulk 
density  determination.  The  structure  exposed  in  one  wall  of  each 
trench  was  mapped  in  detail.  Four  of  the  calyx  holes  not  used  for 
charge  emplacement  were  remapped  to  determine  effects  of  the  blast. 

Closeup  photographs  of  the  surface  rubble  were  obtained  along 
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radials  from  the  crater  for  rubble  grain  size  analysis. 

The  final  portion  of  the  field  investigations  that  had  con¬ 
tinued  intermittently  over  a  period  of  more  than  two  years  consisted 
of  drilling  five  HX  core  holes  along  the  south  trench  during  June 
1965.  All  cores  were  logged,  and  each  hole  was  photographed  with 


the  borehole  camera. 


TABLE  1.1  SUMMARY  OF  RESULTS  OF  SITE  SELECTION  AEL  PRESHOT  INVESTIGATIONS  FOR  PROJECT  DUGOUT 


NCG 

Core 

Boring 

Number 

Coordinates^ 

Ground 

Elevation 

Total 

Depth 

Core 

Recovery 

Type  of 
Boring 

Angle  of 
Boring 

Borehole 

Camera  Log 

feet  msl 

feet 

•  percent 

degrees 

interval,  feet 

1.1 

N  854,571.39 

E  591,611.18 

5419.0 

126.7 

97 

•  NX 

Vertical 

None 

1.2 

N  854,558.83 

E  591,437.33 

5416.7 

120.0 

99 

NX 

Vertical 

None 

1.3  . 

N  854,581.08 

'E  591,787.53 

5414. 0 

30.6 

21 

NX 

Vertical 

None 

2.1 

N  853,092.20 

E  593,391.96 

'5393.3  . 

100.0 

89 

NX 

Vertical 

1.0  to  74.8 

20 

N  852,759.04 

E  59‘*,57‘t.89 

5385.2 

200.2 

71 

NX 

Vertical 

None 

.21 

N  852,622.86 

E  594,044.36  . 

, 5382.5 

29.3 

5P 

NX 

Vertical 

None 

22 

N  852,511.41 

E  594,089.59' 

5383.0 

41.1 

59 

NX 

Vertical 

None 

23 

N  852,795.41 

E  594,122.02 

5384.7 

121.4 

91 

NX 

Vertical 

None 

24 

N  852,816.89 

E  594,297.57  - 

5384.9 

14.8 

75 

NX 

Vertical 

None 

25 

N  853,287.49 

E  593,975.52 

5386.8 

120.3 

97 

NX 

Vertical 

None 

26 

N  853,289.83 

E  594,149.94 

5383.7 

121.7 

93 

NX 

Vertical 

2.0  to  119.3 

27 

N  854,323.94 

E  591,876.57 

5419.1 

120.0 

100 

NX 

Vertical 

1.0  to  118.2 

28 

N  855,161.38 

E  590,252.48 

5381.9 

31.5 

90 

NX 

Vertical 

None 

29 

N  854,683.70 

E  590,346.23 

5380,4 

81.2 

92 

NX 

Vertical 

None 

;  30 

N  853,285.24 

E  593,799.62 

5388.5 

120.8 

93 

NX 

Vertical 

1.0  to  112.7 

.  31 

N  854,310.88 

E  591,646.40  . 

5418.7 

120.2 

98 

NX 

Vertical- 

1.0  to  119.5 

32 

N  854,316.15 

E  591,762.58  • 

•5419.9 

66.3 

'  83 

NX 

Vertical 

None 

33 

N  854,570.48 

E  591,666.71 

5418.1 

96.0 

94 

NX 

Vertical 

None 

34 

N  854,315.30 

E  591,752,60 

5419.2 

257.9 

98 

NX 

Vertical 

1.0  to  248.5 

35 

N  853,289.80 

E  593,909.90 

5387.5 

80.0 

97 

NX 

Vertical- 

1.0  to  70.0 

36 

N  853,289.83 

•E  594,029.99 

5386.1 

200.0 

72 

NX 

Vertical 

7.4  to  100.0 

37- 

N  853,259.80 

^E  593,984.90 

5387.0 

80.0 

100 

NX 

Vertical 

3.0  to  78.0 

■  38 

N  853,259.80 

E  594,052.40 

5386.0 

81.4 

96 

.  NX 

Vertical 

5.5  to  80.5 

39 

N  853,229.80 

E  594,052.40 

5386.0 

■81.5 

100 

NX 

Vertical 

5.0  to  80.0 

4o 

N  853,319.80 

E  594,007.40 

5386.3 

80.0 

94 

NX 

Vertical 

3.0  to  78.0 

4i 

N  853,319.80 

E  594,074.90 

5385.0 

81.0 

98 

NX 

Vertical 

5.0  to  79.5 

42 

N  853,349.81- 

E  594,074,97 

5384.7 

80.0 

99 

NX 

Vertical 

None 

42A 

N  853,349.81 

E  594,079.97 

5384.7 

81.0 

96 

NX 

Vertical 

5.0  to  80.0 

43 

N  853,289.90 

,  E  593,684.90 

5389.5 

120.0 

97 

NX 

Vertical 

3.0  to  114.0 

44 

N  853,230.02 

E  593,985.00 

.  5386.9 

121.0 

99 

NX 

60  North 

12.0  to  102.7 

45 

N  853,230.02 

E  593,980.00 

5386.9 

120.3 

99 

NX 

60  West 

10.0  to  116.7 

^  Nevada  state  coordinate  system. 


TABLE  1.2  DESCRIPTION  OF  CALYX  BORINGS 
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Nevada  state  coordinate  system. 

Elevations  shown  on  individual  logs  in  Appendix  B  are  tops  of  drilling  pads. 


Figure  1,1  Location  of  BucKboard  Mesa  and  Kevada  Test  Site. 


Preshot  topography  showing  preshot 


CHAPTER  2 


PRESHOT  CONDITIONS 

2.1  GENERAL  GEOLOGY  AND  PHYSIOGRAPHY 

A  relatively  xuidissected  sheet  of  basalt  caps  Buckboard  Mesa  and 
slopes  gently  south  (Figure  1.2)  from  one  or  more  fissure  vents  near 
the  extinct  Scrugham  Peak  cinder  cone.  The  mesa  is  about  5.5  miles 
long  and  in  the  vicinity  of  the  Dugout  site  about  1  mile  across.  The 
surface  has  a  relief  of  about  100  feet  between  a  medial  sinuous  ridge 
and  the  edge  of  the  mesa.  Most  of  the  surface  reflects  the  primary 
form  of  basaltic  lava  mantled  only  by  a  cover  of  windblown  sandy  silt. 

Thickness  of  the  basalt  ranges  from  100  feet  near  its  edge  to 
about  200  feet  near  the  medial  ridge.  Locally  the  basalt  sheet  is  a 
single  thick  lava  flow,  and  the  strata  consist  of  vesicixLar  basalt 
at  the  top,  dense  basalt  in  the  middle,  and  a  thin  layer  of  vesicular 
basalt  at  the  base.  The  entire  flow  is  encased  in  a  cindery  clinker 
zone.  Elsewhere,  the  basalt  sheet  consists  of  two  or  more  lava 
tongues,  each  of  which  exhibits  the  same  stratigraphy  as  the  indi¬ 
vidual  flows.  These  tongues  are  separated  by  a  cindery  vesicular 
zone  that  is  characteristically  oxidized  to  a  reddish  color.  In 
some  borings  (Appendix  A)  three  tongues  are  indicated  by  core-loss 
zones  believed  to  be  cindery,  and  it  is  quite  possible  that  even 
more  are  present  locally. 


The  implications  of  these  ohservations  are  that  most  of  the 
hasalt  sheet  represents  a  single  extrusive  event,  hut  that  the  lava 
spread  from  centrally  situated  feeder  channels  as  relatively  short 
tongues  that  advanced  and  then  were  overridden  hy  later  tongues. 

The  hasalt  outcrops  along  the  mesa  rim  (Figure  2.l)  where  slopes 
of  approximately  72  degrees  (Reference  12)  drop  about  50  feet  to 
gentler  slopes  on  less  resistant  tuff  breccia.  Talus  mantles  much 
of  the  lower  slopes.  According  to  Reference  7  the  groundwater  table 
is  775  feet  below  the  average  elevation  of  the  top  of  the  mesa.  The 
Dugout  site  is  located  on  a  topographic  high  branching  to  the  east  of 
the  ridge  of  the  mesa. 

2.2  STRATIGRAPI-IY  OF  THE  MEDIA 

The  principal  media  at  the  site  are  various  types  of  basalt  dis¬ 
tinguished  largely  on  the  basis  of  vesicle  content. 

2.2.1  Soil.  Borings  at  the  Dugout  site  encountered  from  2  to 
l4  feet  of  tan  silty  sand  and  sandy  silt  enclosing  anguH.ar  fragments 
of  basalt.  Fragments  of  basalt  generally  range  from  gravel  size  to 
blocks  averaging  2  feet  in  greatest  dimepsion.  The  silt  was  largely 
deposited  by  wind.  Caliche  impregnates  a  1-foot  layer  immediately 
above  top  of  rock,  and  calcium  carbonate  extends  along  joints  for 
several  feet  into  bedrock. 

2.2.2  Basalt.  The  basalt  cap  at  the  Dugout  site  is  about 
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l80  feet  thick.  Boring  NCG  36  penetrated  the  basalt  to  underlying 
tuffaceous  sandstone  and  revealed  the  following  sequence  from  top  to 
bottom:  a  90-foo't  flow,  a  40-foot  flow,  and  a  50-toot  interval  of 
vesicular  basalt  alternating  with  core-loss  zones  believed  to  be 
cinders.  As  presented  in  Figure  2.2,  the  lower  zone  consists  of 
five  thin  flow  tongues;  however,  it  seems  just  as  reasonable  that 
the  cindery  core-loss  zones  are  scattered  pockets  localized  by  quasi- 
turbulent  flow  in  the  base  of  a  single  lava  flow. 

Only  the  upper,  90-toot  tlow  is  of  importance  in  this  report  in 
view  of  the  fact  that  the  cratering  row  charges  lay  at  about  60  feet 
in  depth.  This  flow  is  divisible  into  two  units. 

The  upper  vesicular  basalt  imit,  vfliich  across  the  site  averages 
approximately  40  feet  in  thickness,  can  be  subdivided  into  three 
tabixlar  subunits.  These  subunits  are  arranged  in  order  of  decreasing 
vesicular Ity  from  top  to  bottom.  The  highly  vesicular  basalt  con¬ 
tains  20  percent  or  more  of  dispersed  subspherlcal  vehicles  and  cor¬ 
responds  to  Type  V  basalt  in  Section  2.5  and  Reference  13.  A  moder¬ 
ately  vesicxilar  basalt  containing  10  to  20  percent  of  vesicles  by 
volume  flattened  and  arranged  in  discontinuous  layers  corresponds  to 
Types  III  and  IV  basalt.  A  sli^tly  vesicular  basalt  containing  less 
than  10  percent  of  irregularly  shaped  vesicles  in  thin  continuous 
layers  corresponds  to  Type  II  basalt. 

The  lower,  dense  basalt  contains  no  more  than  2  percent  of 


dispersed  vesicles  and  roughly  corresponds  to' Type  I.  basalt  described 
in  Section  2.5  and  in  Reference  13.-  Contacts  between 'adjacent  types 
and  subtypes  are  gradational.  The  dense  basalt  varies"' in  thickness 
but  averages  just  over  50  feet  (Appendixes ’A/ B, '-and  C)  in  the  south¬ 
ern  half  of  the  site.  Beneath  the  dense- basalt  is  a  layer  of  vesic¬ 
ular  basalt  about  1  foot  thick. 

2.3  PETROLOGY  OF  BASALT  ■■  ' 

According  to  References  2  and  15?  the  vesicular' basalt  oh  Buck- 
board  Mesa  is  an  olivine  basalt,  and  the'  dense  basalt  is'  petrographi- 
cally  a  subandesite  (Reference  I5).  The  two  types-  are  gradational, 
and  any  difference  in  composition  may  result  frojn  deuteric  alteration. 

In  thin  sections,  the  vesicular  basalt  consists  of  fine-grained, 
subhedral  labradorite  laths,  with  minor  olivine  and  clinopyroxene 
phenocrysts,  various  opaque  minerals,  and  product's  of  devitrification. 

The  dense  basalt  is  similar  in  mineralogical  composition  to  the 
vesicular  basalt  except  that  the  plagiocIa.se  is  more  sodic  and  some¬ 
what  coarser  in  grain  size.  Microscopic  flow  structure,  which  is 
prominent  in  the  vesicular  basalt,  is  less  pronounced  in' dense  basalt. 

Chemical  analyses  of  Buckboard  Mesa  basalt  (Table  2.l)  contribu¬ 
ted  by  the  U.  S.  Geological  Survey  reveal  an  unusual  composition  for 
a  basalt,  with  moderately  high  silica  content  and  high  aluminum, 
potassium,  and  phosphorus  contents.  Chemically  the  rock  might  as 
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well  be  described  as  a  traphy-andesite, ■ a  latite-basalt ,  or  a 
potassiim-rich  andesitic  basalt.  Such  potassium-rich  basic  lavas  are 
scattered  through  the  late  Cenozoic  strata  of  the  Great  Basin. 

Except  for  the  oxidation  state  of  iron,  the  composition  is  apparently 
very  uniform  in  individual  lava  tongues  and  throughout  the  southern 
half  of  the  mesa. 

2.4  FRESHOT  STRUCTURE  OF  BA.SALT 

The  internal  structure  of  the  basalt  manifested  as  flow  layers 
and  joints  is  genetically  and  geometrically  related  to  the  mechanics 
of  flow  of  the  basalt  while  still  hot. 

2.4.1  Presentation  of  Structural  Data.  The  reliability  of 
structural  orientations  obtained  by  borehole  camera  in  Buckboard  Mesa 
basalt  was  critically  investigated  (References  11  and  12 )  for  anoma¬ 
lous  magnetism  at  the  Sulky  and  Pre-Schooner  sites,  and  it  was  foixnd 
that . readings  are  usually  valid.  A  similar  check  at  the  Dugout  site 
reveals  only  scattered  magnetic  anomalies.  No  structural  orientations 
were  recorded  in  the  anomalous  zones. 

The  orientations  of  all  structural  elements  used  in  this  report 
are  represented  for  analysis  in  stereographic  projection.  Descrip¬ 
tions  of  the  plotting  technique  can  be  found  in  most  textbooks  on 
structural  geology  (e.g.  Reference  l6).  Planar  elements  are  repre¬ 
sented  uniquely  by  their  normals,  and  all  projection  is  from  the  lower 
hemisphere  to  an  equal  area  net. 


2.4,2  Primary  Flow  Str'uct\u?e.  During  the  late  stage  of  lava 
flowage  a  prominent  layering  developed  in  the  Buckhoaird  Mesa  basalt. 
This  layering  in  part  reflects  the  deformation  of  vesicles  and  is 
manifested  best  in  the  vesicular  basalt  containing  moderate  amounts 
of  vesicles.  Flow  structure  in  dense  basalt  is  also  manifested  as 
very  faint,  white  crystalline  layers. 

In  nmerous  exposures  at  the  edge  of  the  mesa  the  layered  vesic¬ 
ular  basalt  is  seen  to  typically  sheathe  a  cylindrical  core  of  dense 
basalt  and  in  t-urn  to  be  sheathed  by  a  cylinder  of  highly  vesicular 
and  essentially  isotropic  basalt.  An  outer  layer  of  basalt  fragments 
(clinkers)  encases  the  entire  imit.  Locally  these  concentric  or 
nested  cylinders  (Reference  11)  are  visibly  connected  as  lava  toes 
or  tongues  to  a  broader  feeder  which  in  turn  can  be  inferred  from 
the  topography  to  extend  upslope  to  its  junction  with  the  broader 
main  feeder  centered  at  the  medial  ridge  of  the  mesa.  The  Dugout 
site  is  situated  near  the  crest  of  a  subsidiary  feeder  (Figure  2.3). 

For  each  photographed  HX  hole,  it  has  been  possible  to  measvire 
several  attitudes  of  flow  layers  of  a  single  set,  and  locally  two 
interpenetrating  sets  of  flow  layers  are  distinguishable  (Figures 
2.4,  2.5,  and  2.6).  The  poles  of  these  layers  usually  conform  to 
great-circle  distributions  suggesting  that  the  folding  accompanying 
viscous  flowage  was  essentially  cylindroidal,  i.e.  about  parallel 
linear  fold  axes  at  the  scale  considered.  Many  of  the  folds  are 
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relatively  minor  wrinkles  in  the  upper  vesicular  units,  whereas 
others  are  portions  of  the  large  nested  cylinders.  The  system  in 
simplest  form  is  orthogonal,  with  one  set  of  horizontal  folds  paral¬ 
leling  the  flow  direction  and  the  other  set  of  horizontal  cross 
folds  at  right  angles.  Generalized  flow  pattern,  first  recognized  in 
the  hasalt  at  the  Sulky  site  (Reference  ll),  can  he  constructed  for 
the  site  (Figure  2.7).  Off  the  center  of  a  flow  the  system  diverges 
from  orthogonality,  apparently  as  a  consequence  of  viscous  dragging 
and  rotation  of  early  folds  hy  continued  movement  of  the  center  of 
the  mass.  For  this  reason,  the  pattern  is  idealized;  and  at  the 
sides  where  cross  folds  swing  90  degrees  in  strike  and  approach 
parallelism  to  flow  direction,  the  pattern  is  not  representative. 

A  truer  representation  of  structure  at  the  site  is  given  in  Fig¬ 
ure  2.8,  which  summarizes  some  of  the  most  extensive  information  in 
existence  on  the  internal  structure  of  a  lava.  The  main  feature  to 
he  noted  is  the  set  of  recumbent  fold  axes  which  swing  in  trend  more 
than  l80  degrees  and  structurally  outline  a  feeder  channel  within  the 
upper  hasalt  flow  through  which  the  molten  lava  at  one  time  moved  to 
the  southeast.  These  axes  are  localized  at  a  depth  of  about  6o  feet. 
In  a  qualitative  way  these  nested  flow  layer  "surfaces”  open  to  the 
upstream  side  vaguely  suggesting  confined  laminar  flow  in  a  pipe; 
however,  the  comparison  should  not  he  carried  too  far  at  this  time. 

This  feeder  channel  located  at  the  south  appears  to  cut  and 


modify  by  viscous  drag  an  older  channel  to  the  north  whose  cylindri¬ 
cal  structure  trended  north  to  northeast.  Referring  to  Figure  2.7, 
one  sees  that  the  flow  fold  patterns  for  the  two  cylinders  are  simi¬ 
lar  despite  the  fact  that  the  sense  of  flow  was  different  by  90 
degrees.  As  a  result  the  site  is  characterized  by  an  orthogonal 
structtiral  grain.  It  will  be  seen  below  that  major  joints  are  con- 
spicuoxisly  controlled  by  this  structural  pattern,  and  that  subse¬ 
quent  deformation  resulting  from  the  blast  is  also  influenced  by  the 
natural  structural  pattern. 

Although  such  well- developed  and  complex  structure  is  not  gener¬ 
ally  common  in  basalt,  complex  forms  of  layering  are  almost  always 
evident  in  more  viscous  lavas  (e.g.  see  Reference  1?)  such  as  ande¬ 
site,  dacite,  and  latite.  As  noted  in  Section  2.3,  the  basalt  has 
some  mineralogical  and  chemical  characteristics  of  ein  andesite,  and 
this  fact  probably  accounts  for  the  abundant  flow  structure. 

2.4.3  Terminology  of  Fractures  and  Fissures.  Fractures  en¬ 
countered  in  samples  or  borings  in  cratering  studies  can  be  divided 
into  three  broad  categories:  drill  breaks,  blast  fractures,  and  natu¬ 
ral  fractures  (joints).  Joints  are  distinguished  from  all  others  in 
this  report  by  the  presence  of  a  natural,  secondary  coating.  Frac¬ 
tures  without  coatings  are  broadly  classed  as  fresh  Fractures  where 
a  finer  distinction  cannot  be  made.  These  may  include  blast  fractures 
formed  during  the  explosion  or  drill  breaks  formed  during  the  coring 
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operation.  Where  only  borehole  photographic  data  are  used,  no  drill 
breaks  are  involved. 

For  simplicity,  the  same  terras  are  used  in  considering  the  open 
space,  or  fissure,  created  by  a  fracture;  thus,  the  width  of  a  frac¬ 
ture  is  the  width  of  the  opening  along  the  fracture. 

2.4.4  General  Joint  Orientation.  The  Buckboard  Mesa  basalt 
exhibits  a  well- developed  system  of  thermal  contraction  Joints  that 
is  geometrically  related  to  the  flow  structure.  This  fact,  docu¬ 
mented  at  the  Sulky  site  (Reference  ll),  is  Just  as  valid  at  other 
areas  on  the  mesa.  A  tendency  toward  parallelism  of  Joints  and  flow 
layers  (Figure  2,9)  has  been  verified  at  the  Dugout  site  by  measuring 
the  angle  between  Joints  and  nearby  flow  layers  in  inclined  boring 
WCG  4?.  These  Joints  tend  to  be  subhorizontal  in  the  upper  50  feet 
of  the  basalt,  but  Figure  2,10  indicates  that  the  better  correlation 
is  with  subhorizontal  flow  layers  rather  than  the  horizontal  plane 
approximating  the  free  surface  of  the  basalt  sheet.  The  reason  for 
the  preferred  orientation  of  Joints  along  or  parallel  to  flow  layers 
is  simply  that  flow  layers  consist  of  tabular  concentrations  of  ves¬ 
icles  which  measurably  reduce  the  effective  area  of  rock  over  which 
a  force  acts. 

In  exposures  along  the  rimrock.  Joints  oriented  perpendicular  to 
flow  layers  are  numerous.  Figure  2.11  shows  particularly  well- 
developed  systems  of  major  steep  Joints  arranged  radially  about  the 


cylinder  axes  of  two  terminal  tongues  of  lava. 

2.k.5  Cross  Joints.  Of  the  joints  oriented  perpendicular  to 
flow  layers,  an  in^jortant  set  consists  of  cross  joints  oriented 
normal  to  the  major  flow  fold  or  cylinder  axis  in  any  given  domain. 
The  importance  of  this  set  was  strongly  en^hasized  in  Reference  11, 
and  the  observations  at  the  Dugout  site  verify  this  importance  and 
clearly  indicate  that  these  major  joints  are  probably  the  dominant 
natural  structure  utilized  in  the  mechanism  of  crater  formation  on 
Buckboard  Mesa  (see  Section  3.2.5). 

A  major  steep  joint  was  mapped  in  each  of  8  of  the  10  calyx 
holes  (Appendix  B).  These  8  joints  fall  into  2  sets  mutually  per¬ 
pendicular  (Figure  2.8).  Three  in  the  eastern  half  of  the  site 
strike  about  N70W  which  is  about  normal  to  the  axes  of  major  recum¬ 
bent  folds  of  the  early  flow  cylinder  developed  there.  The  five 
major  joints  mapped  in  the  western  half  of  the  site  strike  about 
N30E,  which  is  approximately  normal  to  the  axis  of  the  late  flow 
cylinder  developed  there. 

The  spacing  of  cross  joints  is  clearly  greater  than  the  diameter 
of  the  calyx  holes  (3  feet).  Photographs  of  the  mesa  rim  (Figure 
2,1)  stiggest  that  the  spacing  averages  about  5  feet.  The  openings 
along  cross  joints  are  commonly  an  inch  or  greater  in  thickness. 

2.4.6  Joint  Freq.uency,  Joint  Spacing,  and  Lineal  Joint  Inter¬ 
cept  Spacing.  No  exhaxistive  attempt  has  been  made  to  determine  true 


spacing  between  adjacent  joints  of  each  of  the  sets  at  the  site. 

A  simpler  parameter  that  has  been  measured  in  previous  reports  is 
termed  in  this  report  the  lineal  joint  intercept  spacing.  This  is 
the  interval  along  a  line  between  the  intercepts  of  joints  of  any 
orientation.  This  information  has  been  presented  as  joint  fre¬ 
quency,  i.e.  the  number  of  joint  intercepts  per  unit  interval  of 
hole  (Figure  2.12).  A  curve  averaging  out  high  and  low  values  is 
superimposed.  The  cumulative  frequency  of  lineal  joint  intercept 
spacings  for  the  preshot  vertical  borings  at  the  site  is  given  in 
Figure  2.13  as  an  empirical  index  of  degree  of  fracturing  used 
previously  at  other  craters.  The  median  spacing  is  0. 9  foot. 

The  lineal  joint  intercept  spacing  measured  along  horizontal 
traverses  in  photographs  of  cliff  walls  at  several  stations  along 
the  mesa  rim  gave  a  mean  value  close  to  3.0  feet  (Reference  ll). 
Average  values  of  the  same  spacing  parameter  can  be  obtained  from 
Figure  2.13  along  vertical  borings.  The  median  vertical  spacing 
is  about  1  foot.  These  values  suggest  qualitatively  that  blocks 
isolated  by  natural  joints  tend  to  be  tabular  in  the  horizontal 
plane . 

2.5  PHYSICAL  PROPERTIES  OF  CORE  SAMPLES 

Thirty-eight  HX  core  samples  believed  to  be  representative  of 
various  basalts  at  the  Dugout  site  were  tested  by  the  WES  Concrete 
Division  for  determination  of  physical  properties. 


Ijaboratory  examinations  indicate  that  the  core  samples  of  basalt 
can  be  grouped  into  five  general  types:  Type  I,  dense;  Type  II, 
fairly  dense  with  bands  of  vesicles;  Type  HI,  slightly  vesicular 
with  bands  of  vesicles;  Type  slightly  vesicular  with  unifoimly 
distributed  vesicles;  and  Type  V,  vesicular  (Reference  13)-  It  may 
be  noted  that  the  above  classification  differs  slightly  from  the 
field  classification  used  in  other  sections  of  this  report.  In  gen¬ 
eral^  Type  I  basalt  corresponds  to  dense  basalt  with  relatively  few 
or  no  vesicles;  Type  II  corresponds  to  vesicular  basalt  with  less 
than  10  percent  vesicles;  Types  III  and  IV  correspond  to  vesicular 
basalt  with  10  to  20  percent  vesicles;  and  Type  V  corresponds  to 
vesicular  basalt  with  20  percent  or  more  vesicles. 

2.^.1  Specific  Gravity  and  Porosity.  As  can  be  seen  in  Tables 
2.2  and  2.35  bulk  specific  gravity  of  basalt  ranged  pro¬ 

gressively  from  about  2.3  for  Type  V  basalt  to  about  2.7  for  Type  I. 
The  saturated  surface-dry  specific  gravity  varied  from  about.  2.5 
to  2.7*  The  specific  gravity  of  solids  averaged  2.85. 

Porosity  manifested  in  large  part  by  megascopic  vesicles  ranged 
from  as  low  as  2.4  percent  for  the  dense  Type  I  basalt  to  18.7  per¬ 
cent  for  the  highly  vesicular  Type  V  basalt  (Table  2.2).  The  poros¬ 
ity  was  computed  from  the  values  of  the  dry  bulk  density  and  specific 
gravity  of  solids. 

2.5.2  Static  Strength  of  Intact  Basalt.  Unconfined  compressive 
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strengths  for  six  core  samples  from  holes  along  the  line  of  the  row 

charge  are  presented  in  Table  2.2.  The  six  strength  values  show 

no  consistent  correlation  with  rock  type;  however,  in  previous  test 

results  the  intuitively  expected  tendency  for  ultimate  stren^h  to 

increase  with  decreasing  vesicle  content,  i.e.  toward  Type  I  basalt, 

is  clearly  indicated.  Tangent  moduli  of  elasticity  measured  from 

the  stress- strain  curves  of  10  unconfined  samples  from  boring  NCG  2.1 

6  6 

(Reference  13)  ranged  between  2.31  X  10  and  6.56  X  10°  psi  with 
no  clear-cut  correlation  with  rock  type. 

The  data  from  I5  triaxial  compression  tests  (Table  2.3  and 
Figure  2.l4)  were  used  to  construct  Mohr  envelopes  (Figure  2.15)  and 
determine  cohesion  (c)  and  angle  of  internal  friction  No  un¬ 

confined  or  tensile  tests  were  performed;  therefore,  reliable  values 
of  the  cohesion  intercept  at  zero  normal  stress  could  not  be  deter¬ 
mined.  The  ^  values  thus  obtained  were  about  35  to  50  degrees 
for  Type  I  basalt  and  about  20  degrees  for  Type  V.  The  correspond¬ 
ing  values  of  cohesion  were  3j500  to  8,000  psi  for  Type  I  basalt 
and  35500  psi  for  Type  V  basalt.  These  approximate  values  are  only 
applicable  in  the  range  of  confining  pressure  under  which  the  tri¬ 
axial  tests  were  conducted. 

The  triaxial  compression  tests  indicated  that  at  confining 
pressures  of  1,000  to  4,000  psi  the  vesicular  Type  V  basalt  had 
deviator  stresses  of  about  12,000  to  13,000  psi,  whereas  dense 


Type  1  basalt  had  much  higher  deviator  stresses  (in  the  range  of 
25,000  to  45,000  psi). 

Double  direct  shear  tests  were  performed  on  eight  samples  ac¬ 
cording  to  procedure  CRD-C  ^0-Sh  outlined  in  Reference  I8  except 
that  sample  size  was  2-l/8  inches  in  diameter  and  4-l/4  inches  in 
length.  The  specimens  were  wrapped  in  polyethylene  to  prevent 
bond  to  the  test  blocks  and  to  allow  application  of  the  normal 
(axial)  presstire.  The  stress- strain  curves  are  presented  in  Figure 
2.16  and  summarized  in  tabular  form  in  Table  2.3.  It  can  be  seen 
that  higher  normal  loads  generally  caused  higher  shear  strengths, 
consistent  within  each  sample  group.  Displacements  at  failure 
were  in  the  range  of  0.07  to  0.13  inch. 

The  values  of  shear  strength  determined  at  normal  stresses  of 
1,000  to  4,000  psi  fall  near  the  envelopes  representing  the  loci 
of  the  same  parameter  on  the  basis  of  triaxial  compression  tests 
(Figure  2.I5).  Tentatively,  it  appears  that  the  two  sources  of 
shear  strength  data  give  values  that  roughly  agree. 

2.5.3  Static  Strength  of  Jointed  Samples.  Triaxial  compres¬ 
sion  tests  were  conducted  on  seven  samples  containing  joints  ac¬ 
cording  to  procediu'e  CED-C  93-64  of  Reference  I8.  A  piston  having 
the  same  size  as  the  specimen  was  used  so  that  the  applied  load 
was  dqual  to  the  major  principal  stress.  One  sample  was  Type  V 
basalt,  and  the  other  six  were  dense  basalt  of  Type  I.  The  joint 
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in  each  case  was  inclined  at  about  65  degrees  to  the  major  princi¬ 
pal  plane.  Displacements  (Table  2.4)  were  measured  between  test 
plates  of  the  testing  machine  with  a  dial  gage.  The  relatively 
large  early  strains  (Figure  2.17)  occurred  as  the  walls  of  the  Joint 
converged.  Strains  were  computed  by  dividing  the  axial  displacement 
by  the  initial  specimen  length.  The  axial  displacements  during  the 
first  slip  were  relatively  consistent  at  0.04  to  O.O8  inch. 

It  can  be  seen  (Table  2.4)  that  higher  confining  pressure  usually 
yielded  higher  slip  loads  and  ultimate  loads.  The  sample  from  57  to 
58  feet  in  NCG  4l  had  much  higher  slip  load  and  ultimate  load  ap¬ 
parently  as  a  result  of  the  healed  condition  of  the  Joint.  The  rela¬ 
tively  low  ultimate  load  borne  by  the  sample  from  79  to  80  feet  in. 

KCG  45  in  spite  of  a  high  confining  pressure  is  most  reasonably 
explained  by  the  fact  that  the  Joint  surface  was  relatively  smooth. 

2.5.4  Dynamic  Properties.  Samples  of  Types  I  and  III  basalt 
were  tested  by  nondestructive  methods  to  determine  the  dynamic 
properties  of  the  intact  rock  (Table  2.5).  The  dynamic  elastic 
properties,  which  include  Poisson's  ratio,  modulus  of  elasticity, 
and  modulus  of  rigidity,  were  determined  from  laboratory  results 
which  were  inserted  into  formulas  from  the  theory  of  vibrations. 

Test  methods  CRD-C  I8  and  CRD-C  5I  in  Reference  I8  give  the 
laboratory  procedures  for  these  tests.  A  discussion  of  the  deter¬ 
mination  of  dynamic  Poisson's  ratio  is  presented  in  Reference  I9. 
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2.6  IN  SITU  PHYSICAL  PROPERTIES 

Mass  properties  of  the  media  have  been  investigated  by  means  of 
geophysical  studies  reported  previously  in  References  20  and  21. 

A  summary  of  Reference  21  is  presented  herein  as  Appendix  D.  Effec¬ 
tive  porosities  and  water  loss  coefficients  were  obtained  from  the 
preshot  drilling  program. 

2.6.1  Velocities  and  Moduli  Determined  by  Seismic  and  Vibra¬ 
tory  Tests.  One  vibratory  traverse  (V-3)  was  made  along  a  bearing 
east- southeast  at  a  location  about  500  feet  south  of  the  Dugout 
site,  in  the  vicinity  of  borings  NCG  21  through  24.  Shear  wave 
velocities  determined  by  this  technique  are  plotted  versus  depth  in 
Figure  2.l8.  The  velocity  increases  from  approximately  25O  ft/sec 
near  the  surface  to  9^0  ft/sec  at  a  depth  of  10  feet  and  then 
gradually  increases  to  1,300  ft/sec  at  a  depth  of  26  feet.  The 
break  in  curve  slope  at  about  10  feet  probably  corresponds  to  the 
top  of  rock. 

Shear  and  compression  (Young's)  moduli  of  elasticity  calculated 
from  the  vibratory  survey  are  plotted  versus  depth  in  Figure  2.19. 
Inasmuch  as  the  area  studied  was  rejected  on  the  basis  of  poor  core 
recovery  indicating  poor  rock,  the  in  situ  moduli  at  the  Dugout 
site,  in  excellent  rock,  are  probably  much  higher. 

The  two  seismic  traverses  (S-2  and  S-3)  indicated  a  compres¬ 
sion  wave  velocity  of  1,050  ft/sec  for  the  near-surface  materials 


to  a  depth  of  about  5  feet.  From  5  feet  to  about  l6  feet  the  veloc¬ 
ity  increased  to  about  1,940  ft/sec,  and  below  this  the  velocity 
continued  to  increase  to  about  4,000  ft/sec  in  vesicular  basalt. 

In  postshot  geophysical  studies  (Reference  2l)  at  the  Dugout 
site,  a  vibratory  test  was  conducted  at  a  distance  of  about  20  feet 
south  of  boring  WCG  50,  i.e.  about  265  feet  south  of  the  row  of 
charges.  This  was  near  the  outer  limit  of  material  damaged  by  the 
blast,  and  thus  essentially  represents  the  preshot  media.  The 
tests  showed  that  in  situ  shear  wave  velocity  increased  uniformly 
from  about  400  ft/sec  at  about  the  2-foot  depth  to  about  2,500  ft/sec 
at  the  vesicular-dense  basalt  contact  at  a  depth  of  about  42  feet. 

The  velocity  in  dense  basalt  was  2,600  +  100  ft/sec  to  a  depth  of 
about  l40  feet,  the  limit  of  the  tests. 

2.6.2  Permeability  as  Approximated  by  Field  Pressure  Tests. 

The  results  of  water  pressure  tests  conducted  in  boring  NCG  4l  are 
presented  in  Figure  2.20.  Tests  were  conducted  in  5-foot  vertical 
intervals  sealed  off  by  packers.  The  rate  of  flow  was  determined 
by  measuring  with  a  flowmeter  the  quantity  of  water  pumped  into  the 
hole  for  a  measured  period  of  time,  generally  about  3  minutes,  for 
two  pirnip  pressures. 

The  value  of  the  water  pressure  tests  lies  in  their  use  in 
evaluating  the  relative  permeability  of  the  deposit.  If,  for  ex¬ 
ample,  large  quantities  of  water  could  be  forced  into  a  hole 


section  tinder  small  pressure,  the  indication  is  that  the  openings 
along  joints  of  this  section  are  relatively  large.  A  water  loss  co¬ 
efficient,  ,  may  be  expressed  by  the  following  formula 
(Reference  22): 

p  -  _ _ SSi _ ^ 

i  ^  Lh  ( min- ft- atmosphere  s ) 

Where:  Q  =  flow  rate,  gallons  per  minute 

L  =  length  of  borehole  test  interval,  feet 
h  =  pressure  at  the  midheight  of  the  borehole  interval, 
atmospheres 

The  water  loss  coefficient  can  be  considered  as  an  approxima¬ 
tion  of  the  coefficient  of  permeability. 

2.6.3  Effective  Porosity.  Effective  porosity,  defined  as  that 
portion  of  porosity  due  to  openings  along  fractures,  was  determined 
for  two  preshot  borings,  WCG  38  and  39* 

The  technique  of  estimation  has  been  explained  previously 
(References  11  and  12)  and  is  not  repeated  here.  Effective  poros¬ 
ities  for  the  two  holes  ranged  from  0  to  20  percent  (see  Figure 
3.13)  when  cbnsidered  in  5-foot  intervals,  and  the  average  was  near 
1  percent.  This  average  compares  with  values  of  about  2  percent 
at  the  Sulky  site  and  about  1  percent  at  the  four  Pre-Schooner  sites 


TABLE  2.1  CHEMICAL  CONTENTS,  IN  PERCENT  BY  WEIGHT,  OF  BASALT  FROM  BUCKBOARD  MESA 


Chemical  analyses  were  made  by  P.  L.  D.  Elmore,  I.  H.  Barlow,  S.  D.  Botts,  and  G.  Chole 
of  the  U.  S,  Geological  Survey,  by  methods  similar  to  those  described  in  USGS  Bulletin 
1036-G. 


Sarrrple  No. 

USGS  Lab  Number 

Depth  (feet) 

1 

156250 

6. 3-6.8 

2 

156251 

24.8-25.5 

3 

156252 

56.5-57.0 

4 

156253 

96.6-97.3 

5a 

156254 

111,0-111.6 

- 

SiOg 

52.4 

53.5 

53.5 

53.4 

53.1 

52.4-54.3 

- 

ai,03 

17.3 

17.9 

17.9 

17.9 

17.5 

17.3-18.1 

2.2 

4.2 

2.9 

2.6 

3.1 

2. 2-7.1 

V 

FeO 

6.0 

3.6 

4.9 

5.0 

5.1 

1. 0-6.0 

MgO 

5.4 

4.4 

4.9 

4.7 

5.1 

4,0-5. 4 

CaO 

6,8 

6.9 

6.7 

7-1 

6.6 

6. 6-7.1 

Ka^O 

3.9 

4.2 

4.2 

4.2 

4.1 

:  3.9-4. 2 

K^O 

2.4 

2.3 

2.3 

2.3 

2.3 

2. 3-2.5 

H,0 

0.77 

0.63 

0.42 

0.65 

0.52 

0.35-0.78 

TiOg 

1.4 

1.5 

1.5 

1.5 

1.5 

1.4-1. 5 

- 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0-1. 0 

2  5 

t 

MnO 

o.i4 

0.l4 

o.i4 

0.l4 

0.l4 

0.12-0.15 

co^ 

0.08 

<0.05 

<0.05 

0.12 

■  <0.05 

<0.05-0.12 

^  Samples  1-5  from  Project  Buckboard , boring  DB-U  at  coordinates  N  846,372  E  594,768. 
Range  of  composition  of  l4  analyzed  samples  including  the  5  listed. 
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TABLE  2.2  GENERAL  PROPERTIES  OF  BASALT  FROM  DUGOUT  SITE 
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TABLE  2.3  RESULTS  OF  TRIAXIAL  COMPRESSION  AND  DIRECT  SHEAR  TESTS 
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_ Weight  of  oven  dry  materials  in  ^rams _ 

Volume  computed  from  measurements  in  cubic  centimeters 


TABLE  2.4  RESULTS  OP  TRIAXIAL  CCWPRESSION  TESTS  ON  SAMPLES  CONTAINING  A  JOINT 
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Angle  between  Joint  and  horizontal,  i.e.  the  complement  of  angle  between  the  Joint  and  the  direction  of  the  major 
principal  stress. 

Height  of  wedge  cut  from  side  of  sample  adjacent  to  Joint  to  keep  side  from  contacting  the  opposite  test  plate  during 
testing.  Actual  bearing  surface  of  Joint  is  therefore  somewhat  reduced. 


TABLE  2.5  DYNAMIC  PHYSICAL  PROPERTIES  OF  ROCK  CORES 
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Samples  from  boring  WCG  35* 

About  10  percent  vesicles  probably  caused  low  transverse  frequency  and  resulted  in  low  values  of  other  paranaeters 
computed  from  transverse  frequency. 
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Figure  2.1  Rim  of  Backboard  Mesa  at  Photo  Station  4  (IT  845,200 
ing  from  cliffs  at  top  and  bottom  are  10  feet  long. 
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Figure  2,2  Stratigraphic  cross  sections  of  Dugout  site.  Location  of  sections  shown  in  Fig\ire  1.3 


Figure  2.3  Semi-schematic  block  diagrams  of  cylindrical  internal 
structTire  of  major  basalt  tongues  in  vicinity  of  Pre-Schooner 
and  Dugout  sites. 
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Uieo  CCALYX  HOLE) 


UI8H  (CALYX  HOLE)  UI8I  CCALYX  HOLE) 


UI8J  CCALYX  HOLE')  UI8K  CCALYX  HOLE) 


UI8L  CCALYX  HOLE) 


UI8M  CCALYX  HOLE)  UI8N  (CALYX  HOLE) 


UI80  (CALYX  HOLE) 


LEGEND 

POLE  OF: 

•  FLOW  LAYER,  MAJOR  SET 
o  FLOW  LAYER,  SUBORDINATE  SET 
X  WHITE  LAYER 

\  MAJOR  JOINT  MAPPED 
J  feO')  IN  CALYX  HOLE  AT  DEPTH 
\  INDICATED  IN  FEET 

Figure  2.4  Flow  structure  and  major  joint  orientations  in  calyx 
borings . 


m  B,  (60)  MAJOR  FOLD  AXIS  WITH 
ITS  DEPTH  IN  FEET 
O  BaOO)  SUBORDINATE  FOLD  AXIS 
WITH  ITS  DEPTH  IN  FEET 
*  L(27)  LINEATION  WITH  DEPTH  IN 
FEET  AT  WHICH  OBSEftVED 
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Fic^e  2.7  Primary  flow  structure  pattern  of  basalt. 
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Figure  2.9  Platy  jointing  resulting  from  preferred  orientation  of 
joints  parallel  and  perpendicular  to  flow  layering. 
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A.  ANGLE  BETWEEN  FRACTURE  AND 
NEARBY  FLOW  LAYER 


B.  ANGLE  BETWEEN  FRACTURE  AND 
HORIZONTAL  PLANE 

Figure  2*10  Angular  relation  between  all  fractures  and 
flow  layers  or  horizontal  plane  (KCG  U?).  Total  sub¬ 
divided  into  joints  and  blast  fractures* 


56 


Figiare  2.11  Two  terminal  lava  tongues  at  mesa  rim  showing  radial 
arrangement  of  major  joints.  Talus  extends  from  cliffs  to 
foreground. 
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Figure  2.l4  Selected  triaxial  compression  test  stress-strain  curves. 
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DISPLACEMENT,  IN. 

Figure  2,l6  Shear  stress  versus  displacement  curves  for  double  direct  shear  tests. 
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Figure  2,17  Stress-strain  curves  of  Jointed  "basalt  samples 
tested  in  triaxial  compression. 
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APPROXIMATE  DEPTH, FT 


Figxire  2.l8  Shear  wave  velocity  versus  depth  along  traverse  V-3 
as  determined  by  the  vibratory  method. 
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Figure  2,19  Moduli  versxis  d^th  along  vibrator  traverse  V-3« 
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DEPTH,  FEET 
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Figure  2,20  Results  of  water  pressure  tests  in  Boring  NOO  1|-1. 
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CHA.PTER  3 


POSTSHOT  CONDITIONS  AND  EFFECTS  OF  BLAST ' 

The  row  charge  was  detonated  at  0806  PDT  on  2,4  June  1964,  .  and.  , 
it  produced  an  apparent  crater  ahout  135  feet  wide,  285  feet  long, 

and  35  feet  deep  (Figures  3*1  3*2). 

Post shot  geological  engineering  studies  included  trenching  and 
examination  of  two  traverses  through  the  lip.  One  of  these  trenches 
was  extended  to  explore  the  true  crater .  Bulk  density  of  ejecta 
was  determined  by  mechanical  analysis  Of  a  large  sample  excavated 
from  one  trench.  Five  NX  core  borings  were  drilled  (Table  3.1) 
along  the  projection  of  one  trench  to  outline  zones  of  disturbance 
adjacent  to  the  true  crater.  Borehole  photographs  provided  infor¬ 
mation  on  fracture  frequency  and  orientation.  The  four  sahd-f filed 
calyx  holes  that  survived  the  blast  were  evacuated  of  sand,  and 
their  walls  were  mapped  for  comparison  with  preshot  conditions. 

The  size  distribution  of  the  ejecta  was  analyzed  by  methods 
using  post shot  aerial  photographs  of  the  entire  site  and  closeup 
photographs  along  traverses  across  the  crater  lip  and  into  the 
fallback  within  the  crater. 

3.1  MODIFICATION  OF  SURFACE 

The  crater  dimensions  and  surface  conditions  at  the  Dugout 
site  described  in  References  23  and  24  are  summarized  below 


along  with  results  of  the  current  study. 

3.1.1  Apparent  Crater.  The  apparent  crater  can  be  divided 
into  a  linear  portion  and  the  two  end  portions.  Dimensions  are 
with  regard  to  the  preshot  position  of  the  ground  surface  as  datura. 
The  central  linear  portion  averages  I36  feet  in  width  (Figure  3.2) 
and  35.2  feet  in  depth.  The  greatest  depth  of  4l.7  feet  is  located 
31.4  feet  west  of  the  preshot  position  of  the  central  charge  hole 
(Ul8l).  The  total  length  of  the  crater  is  287  feet. 

The  north  lip  along  the  linear  portion  averages  about  24.6  feet 
in  height  above  the  preshot  position  of  the  ground  surface  and  the 
south  lip  averages  about  22.8  feet.  The  lip  on  the  ends  is  much 
lower,  being  only  about  12  and  l4  feet  on  west  and  east  ends, 
respectively. 

3.1.2  Displaced  Ground  Surface.  The  lip  uplift,  defined  as 
the  permanent  vertical  displacement  of  the  preshot  ground  surface, 
reaches  at  least  as  great  as  12  feet  (Figure  3.3).  Two  profiles 
exposed  during  the  excavation  of  the  south  trench  (Reference  24) 
revealed  maximum  lip  uplifts  of  10  and  3  feet  along  north -south 
lines  only  8  feet  apart.  The  displaced  ground  surface  is  apparently 
quite  irregular,  probably  as  a  consequence  of  strong  influence  by 
the  joints  in  the  basalt  (Reference  24).  Along  the  west  trench  at 
the  end  of  the  crater  the  displaced  gro\and  surface  is  only  about 

2  feet  above  the  preshot  position  (Figure  3.4). 


3>1>3  E.jecta  and  Fallback  Distribution.  Fallback  and  ejecta 
generally  decrease  in  thickness  .outward.  Thickness  of  fallback, 
near  the  center  of  the  crater  is  estimated  to.be  about  35  feet.  On 
the  linear  sides  of  the  crater  the  ejecta  just  outside  the  lip 
crest ;lS' of  the  order  of  20  feet  thick.  ■  On  the  end  portions  of  the 
crater  the  ejecta  is  only  about  half  as  thick^  i.e.  about  10  feet. 
Outward  from , the  lip  the  ejecta  blanket  thins  to  a  limit  of  con¬ 
tinuous  cover  (other  than  dust)  at  about  500  and  370  feet,  north  and 
south, -..respectively,  and  200  feet  off  the  ends  of  the  row  charge. 

It  is  of  some  interest  that  the  continuous  ejecta  extends  about 
Uo  percent  farther  to  the  north  than  to  the  south.  G*rain  size  also 
decreases  outward  generally.  The  distribution  of  particular  com¬ 
binations.  of  grain  size  classes  is  shown  in  Figure  3*5»  This  map, 
was  prepared  from  a  gridded  aerial  photograph  of  the  crater  and 
Yicinity • in  a  manner  similar  to  that  described  in  Section  3*1*^* 

No  conspicuous  departures  from  a  symmetry  conforming  to  the  charge 
configuration  are  evident. 

3.1,4  Ejecta  and  Fallback  .Grain  Size.  The  particle  size  dis¬ 
tribution  of  the  ejecta  and  fallback  was  obtained  by  analyzing  over¬ 
lapping  photographs  taken  along  traverses  across  the  lip  (Fig- 
ure  3.6).  •  In  this  method  a  10-  by  10-foot  ground  siirface  with  a 
string : grid  superimposed  was  photographed,  and  later  the  size. of  the 
grain  under  each  of  the  100  intersection  points  was  measured  on  the 
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photograph.  The  100  grains  thus  give  an  approximation  of  the 
overall  grain  size  as  percent  of  the  area. 

Areal  percent  abundance  of  each  size  class  is  then  converted 
to  volume  percent,  and  this  in  turn  is  approximately  equal  to  weight 
percent  when  it  is  realized  that  the  basalt  does  not  have  an  ex¬ 
cessive  range  of  unit  weight.  It  is  also  assumed  that  grain  size 
does  not  vary  uniformly  with  depth. 

The  cumulative  frequency  of  grain  size  averaged  for  each  of  four 
traverses  outward  from  the  crater  lip  is  shown  in  Figiu-e  3.7.  Three 
of  these  traverses  have  curves  that  are  clustered  together  while 
the  fourth,  along  the  S20E  line,  is  coarser  in  grain  size.  No  conr- 
spicuously  coarser  ejecta  were  revealed  in  this  area  by  the  analysis 
of  the  aerial  photographs  of  the  entire  site.  Two  plioto  traverses 
were  also  made  from  the  center  of  the  crater  along  lines  due  north 
and  south. 

Cumulative  frequency  curves  at  15  stations  on  the  north  line 
^'3-11  within  the  range  indicated  in  Figure  3*8.  These  curves  do  not 
indicate  a  consistent  trend  of  changing  grain  size  outward  from  the 
crater  center,  but  a.  slight  outward  decrease  does  become  apparent 
when  a  twofold  division  of  all  grain  size  data  is  made  at  Station 
1+00  roughly  on  the  apparent  lip  crest.  Thus,  it  is  seen  that  fall¬ 
back  is  slightly  coarser  than  ejecta  though  the  two  curves  cross  at 
their  coarser  ends.  Similarly,  nine  grain  size  curves  that  were 
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used  to  establish  the  range  (Figure  3.8)  along  the  south  traverse 
show  no  persistent  trend  of  decreasing  size  outward.  An  outward 
decrease  in  grain  size  does  appear,  however,  when  data  are  lumped 
into  fallback  and  ejecta  nearer  than  or  beyond  Station  1+00  on 
the  lip  crest. 

3.1.$  Bulk  Density  of  Ejecta  Obtained  by  Mechanical  Analysis. 

A  large  volume  of  ejecta  excavated  from  the  south  trench  (Fig¬ 
ure  3.2)  has  been  analyzed  to  determine  the  b-ulk  density  and  the 
bulking  factor  (Reference ’24) .  Material  was  excavated  by  front- 
end  loaders  and  removed  to  scales  where  it  was  weired  by  the 
truckload.  Volume  was  obtained  by  surveying  grid  points  over  the 
sample  area  before  and  after  excavation  and  determining  thickness 
of  sample  by  the  difference  in  elevations Accuracy ' of  the  grid 
layout  and  leveling  was  to  the  nearest  0.1  foot.  Particular  care 
was  taiken  to  keep  the' bottom  of  the  sample  above  the  buried  dis¬ 
placed  ground  surface 

The  top  of  the  trapezoidal-shaped  sample  was  of  the  order  jDf 
4o  feet  wide  and  120  feet  long,  and  the  thickness  was  about  8  feet. 
This  sample  extended  south  from  near  the  apparent  lip  crest  and 
thus  was  all  ejecta. 

According  to  Reference  24,  29,462  cubic  feet  of  ejecta  weigh¬ 
ing'  3,509,070  pounds  were  excavated.  This  sample  had  a  bulk  density 
of  119  pcf  (compared  to  about  I65  pcf  in  situ)  and  a  bulking  factor 


71 


of  1.39.  A  bulking  factor  of  about  I.65  was  obtained  from  similar 
samples  at  the  Delta  and  Charlie  craters. 

3.2  DISTURBANCE  OF  BASALT  IN  SUBSURFACE  ■ 

Various  degrees  of  fracturing  and  permanent  deformation  of 
basalt  have  been  recognized  from  analyses  of  the  five  postshot 
borings,  the  two  lip  trenches,  and  the  four  calyx  holes  that 
survived  the  blast.  These  data  provide  radial  cross  sections  in 
southward  and  westward  directions  from  ZP.  Supplemental  postshot 
geophysical  investigations  are  described  in  Appendix  D. 

As  in  previous  reports  the  rupture  zone  adjacent  to  the  true 
crater  has  been  subdivided  into  a  blast -fractured  zone  and  a  bulked 
zone  with  the  two  partly  superimposed.  In  this  report  a  third 
subdivision  of  the  rupture  zone  has  been  distinguished.  This  zone, 
characterized  by  permanent  shear  deformation,  may  be  the  equivalent 
of  the  "plastic  zone"  in  previous,  idealized  crater  mechanics 
terminology. 

3.2.1  True  Crater.  The  true  crater  was  exposed  to  about  two- 
thirds  of  its  depth  along  the  south  trench  (Figure  3.9).  The  sur¬ 
face  is  approximately  paraboloidal  in  shape  with  an  upper  slope  of 
about  48  degrees.  This  upper  portion  of  the  true  crater  coincided 
with  the  apparent  crater  in  places  with  only  minor  fallback.  Below 
the  trench  the  true  crater  can  be  projected  to  a  depth  of  about 
70  feet. 
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The  true  crater  at  preshot  ground  elevation  is  about  8o  feet 
horizontal  distance  from  the  projection  of  the  row  charge  in  the 
south  trench.  In  the  west  trench,  in  keeping  with  tne  different 
conditions  in  the  end  portions  of  the  crater,  the  true  crater  at 
the  preshot  ground  elevation  is  about  57  feet  from  the  end  of  the 
row  charge  (Figure  3.4).  Projected  from  here  to  the  vicinity  of  the 
ZP  the  true  crater  wall  at  the  end  of  the  crater  slopes  about 
54  degrees  (Figure  3-10). 

3.2.2  Bla st -Fractured  Zone .  Blast  fractures  were  inferred 
in  borehole  photographs  and  locally  verified  in  core  and  sxirviving 
calyx  hole  walls.  Blast  fracture  frequency  along  the  four  tape 
lines  used  for  orientation  in  mapping  the  calyx  hole  was  averaged, 
whereas  in  the  NX  core  borings  only  a  single  line  was  available 
for  counting.  The  frequency  of  blast  fract-ures  per  10-foot  interval 
of  hole  has  been  plotted  against  depth  of  the  interval  below  the 
surface  (Figure  3.9),  and  smooth  shnple  curves  fitted  to  these 
data  can  be  used  to  obtain  values  representing  average  conditions  at 
various  points  in  the  cross  section.  Both  vertical  holes  and  an 
inclined  hole  are  used  in  contouring  this  blast  effect  along  the 
south  section  so  that  a  slight  variation  in  frequency  due  to  orien¬ 
tation  of  the  sampling  lines  is  involved. 

Both  the  west  section  and  the  south  section  (Figures  3*9 
3.10)  reveal  an  outward  decrease  in  blast  fractures.  Much  as  the 
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shallow  and  surficial  effects,  the  blast  fractures  extend  farther 
to  the  sides  of  the  linear  section  of  the  crater  than  from  its  end 
portions.  The  best  estimation  of  a  limit  of  significant  blast 
fracturing  is  about  250  feet  from  the  line  of  charges  on  the  south 
and  about  l60  feet  Irom  the  end  of  the  row  charge  on  the  west. 

A  different  method  of  obtaining  the  blast  fracture  envelope 
has  been  used  in  Figure  3.11.  Here  a  background  of  average  number 
of  natural  joints  in  preshot  holes  (Figure  2.12)  has  been  assumed 
to  represent  the  site  media  and  has  been  subtracted  from  total 
natural  joints  and  blast  fractures  to  approximate  blast  fracture 
distribution  indirectly.  Wo  judgment  in  identifying  blast  fractures 
is  required. 

The  blast-fractured  zone  flares  toward  the  surface,  except  at 
a  depth  of  60  feet  where  the  zone  extends  beyond  this  idealized 
limit.  A  similar  shape  exists  at  the  Delta  crater  (Reference  12). 

No  explanation  is  definitely  established  at  this  time,  but  it  seems 
probable  that  the  protuberance  in  the  blast -fractured  zone  corre¬ 
lates  with  differences  in  physical  properties  manifested  near  the 
zone  containing  flow-layered  vesicular  basalt,  or  perhaps  that  it 
is  inherent  in  the  mechanics  of  cratering  in  rock. 

3:2.3  Orientation  of  Blast  Fractures.  The  orientations  of 
blast  fractures,  natural  joints,  and  flow  structures  measured  in 
boring  NCG  4?  are  compared  in  Figure  3-12,  and  the  geometric 


relation  is  clarified  in  Figure  2.10.  This  relation  has  been  estab¬ 
lished  in  References  11  and  12,  and  only  a  brief  comparison  is  pre¬ 
sented  to  assure  the  reader  that  the  same  condition  exists  at  the 
Dugout  site.  In  Figure  2.10A,  it  can  be  seen  that  both  joints  and 
blast  fractures  have  a  preferred  orientation  paralleling  flow 
layers.  A  weaker  tendency  for  joints  to  be  oriented  perpendicular 
to  flow  layers  is  also  suggested.  Fart  B  of  the  same  figure  indi¬ 
cates  that  the  tendency  for  fractures  to  be  gently  dipping  is 
fortuitous,  i.e.  neither  the  horizontal  plane  nor  the  top  of  the 
basalt,  which  is  nearly  horizontal,  governs  the  orientation  of 
fractures. 

3.2.4  B\xlked  Zone.  A  zone  in  which  the  effective  porosity  of 
basalt  has  been  changed  by  the  blast  (Figure  3.13)  can  be  outlined 
in  the  south  cross  section.  It  is  characterized  by  increasing 
effective  porosity  toward  the  ZP  from  insignificant  change  at  about 
260  feet  from  the  ZP  to  about  3  percent  at  a  distance  of  120  feet 
from  the  ZP.  The  effective  porosity  probably  exceeds  10  percent 
near  the  true  crater. 

As  with  the  zone  of  blast  fracturing,  the  biilked  zone  departs 
from  a  flared  shape  by  extending  farther  from  ZP  at  the  level  of  the 
highly  flow-layered  vesicular  basalt.  Again  it  is  not  clear  whether 
this- is  an  effect  of  stratigraphic  layering  or  possibly  is  inherent 
in  the  mechanics  of  cratering. 
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3 >2. 3  Zone  of  Shear  Deformation  In  Surviving  Calyx  Holes. 

The  five  calyx  holes,  situated  along  the  westward  projection  of 
the  line  of  charges,  had  been  filled  with  sand,  and  subsequent  to 
the  detonation,  four  of  these  were  cleaned  out  and  examined  for 
deformation.  The  hole  nearest  the  charges,  U18l,  was  never  located* 
Details  of  the  postshot  conditions  are  incorporated  in  the  calyx 
hole  logs  in  Appendix  B.  Measurements  of  preshot  and  post shot 
distances  between  reference  points  set  in  the  walls  before  the 
blast  are  presented  in  Tables  3.2  throu^  3.5.  Differences  in 
preshot  and  post shot  diameters  indicate  that  the  basalt  has  ex¬ 
perienced  strain  of  a  magnitude  of  as  much  as  a  few  percent  in  the 
calyx  holes.  Measurements  made  for  this  study  with  precision  of 
thousandths  of  an  inch  indicate  a  decrease  of  the  east -west  dimen¬ 
sion  and  an  increase  of  the  north-south  dimension  in  three  of  the 
holes. 

Hole  diameters  recorded  continuously  by  a  specially  designed 
caliper  moving  along  the  hole  have  been  reported  in  Reference  25. 

The  accxuracy  of  this  method  is  lower  than  that  attained  by  meas¬ 
uring  between  reference  points.  Nevertheless,  preshot  and  postshot 
dimensions  obtained  with  the  moving  calipers  supplement  those 
between  reference  points.  The  caliper  measurements  were  most 
valuable  in  UlOvl  and  U18n  where  they  provided  strain  conponents 
across  northeast  and  northwest  diameters.  In  hole  UlSyi,  nearest 
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the  crater,  the  northeast-southwest  diameter  has  been  decreased  by 
about  0.8  inch  and  the  northwest- southeast  diameter  has  been  in¬ 
creased  by  0.4  inch,  i.e.  strains  of  about  -2.2  and  +1.1  percent, 
respectively.  These  combined  with  strains  of  +1.5  -0.8  percent 

along  north-south  and  east-west  diameters,  respectively,  indicate 
that  the  deformation  was  not  symmetrically  related  to  the  force 
vector  from  the  nearest  ZP.  This  same  asymmetry,  as  illustrated 
in  Figure  3.l4,  is  also  manifested  in  U18n  although  the  magnitude 
of  strain  measured  by  the  two  methods  is  not  in  agreement  and  com¬ 
bined  results  are  little  more  than  qualitative. 

Average  positive  strains  along  the  north-south  dimension  of 
holes  U18m,  U18n,  and  Ul8P  are  1.5,  0.08,  and  0.019  percent, 
respectively,  at  distances  of  90,  135,  and  225  feet  from  the 
nearest  charge,  U18K.  Negative  strains,  i.e.  decreases  in  hole 
dimensions,  during  the  blast  probably  result  in  part  from  irre¬ 
versible  random  motion  of  rock  blocks  into  the  sand-filled  hole, 
and  they  are  considered  to  have  little  value  in  analyzing  strain  of 
the  basalt.  No  significant  positive  strain  in  north-south  direction 
was  measured  in  Ul80.  Disregarding  Ul80,  the  average  positive 
strains  decrease  nonlinear ly  with  distance  from  the  nearest  charge. 
These  measured  permanent  north-south  strains  are  within  an  order  of 
magnitude  of  peak  east-west  strains  calculated  from  accelerations  and 
velocities  measured  by  instruments  in  the  bottoms  of  the  calyx  holes 
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(Table  3.1  in  Reference  25).  Calculated  values  converted  to  percent 
are  0.54,  O.09,  and  O.05  percent,  respectively.  It  should  be 
emphasized  that  the  calciiiations  were  simplified  to  fit  elastic 
theory.  In  actuality  the  agreement  between  calculated  peak  strains 
and  observed  residual  strains  indicates  that  most  displacement  is 
permanent . 

Probably  most  of  this  deformation  in  the  horizontal  plane 
resilLts  from  slip  along  steep  joints  such  as  has  been  mapped  in 
the  postshot  condition  (Appendix  B).  Thus,  at  depths  of  23  feet 
in  Ul8iy[  and  50  feet  in  U18n,  the  northwest  wall  along  a  major  ver¬ 
tical  joint  striking  northeast  has  moved  1  inch  and  I/8  inch  north¬ 
eastward  with  respect  to  the  southeast  wall. 

The  force  responsible  for  the  deformation  is  assumed  to  be 
the  compressive  pulse  of  the  initial  shock  wave  propagated  westward 
from  the  nearest  Zp.  A  shear  component  in  the  observed  sense  is 
to  be  expected  on  steep  planes  striking  northeast  if  the  least 
principal  stress  is  also  in  the  horizontal  plane.  Where  such  planes 
are  already  in  existence  as  a  well-developed  set  of  major  joints, 
most  of  the  horizontal  deformation  takes  place  by  shear  along  these 
surfaces . 

3.2.6  Zone  of  Spreading  Revealed  in  Upper  Part  of  Calyx  Hole 
•U1§I.  Calyx  hole  U18m  is  offset  along  flat  fractures  at  four 
places  in  its  upper  half  (Appendix  B).  The  upper  side  has  been 
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displaced  toward  the  crater  relative  to  the  lower  side  of  each 
fracture.  The  magnitude  of  the  offset  is  almost  3  inches  on  the 
upper  fracture.  Clearly  the  significant  shear  displacement  in  the 
opposite  direction  of  what  might  have  been  expected  warrants  careful 
consideration.  Points  within  this  upper  portion  of  the  rupture 
zone  at  one  instant  in  its  development  were  offset,  with  respect 
to  those  immediately  below,  toward  the  crater. 

According  to  the  usage  in  this  report,  movements  with  respect 
to  the  adjacent  material  are  termed  relative  movements,  whereas 
movements  with  respect  to  preshot  positions  are  termed  net 
movements. 

Some  indication  of  a  net  craterward  movement  is  found  in 
Figure  3*^  where  the  displaced  ground  surface  within  12  feet  of  the 
lip  of  the  true  crater  is  largely  below  its  preshot  position.  The 
4-foot  depression  in  the  displaced  ground  surface  located  over  a 
large  fiss\ire  exposed  in  the  bottom  of  the  trench  suggests  that  the 
section  to  the  left  has  moved  toward  the  crater  leaving  a  gap 
behind.  Another  large,  steep  fissure  is  also  present  farther  to 
the  left. 

No  such  net  craterward  movement  or  reverse  offset  is  evident 
in  the  south  trench  map  (Figure  3*3)  •  The  displaced  ground  sur¬ 
face.  climbs  uniformly  to  a  high  of  about  12  feet  above  preshot 
position  at  the  true  lip  crest,  and  the  only  evidence  of  significant 
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shear  deformation  is  where  a  mass  of  broken  basaft  and  the  over- 
lying  soil  zone  has  been  displaced  upward  and  outward  from  the 
prater  center. 

3.2.7  Anomalous  Magnetism .  Ten  of  the  I8  NX  borings  at  the 
Dugout  site  that  were  photographed  had  intervals  in  v/hich  the  bore¬ 
hole  camera  compass  needle  varied  erratically  from  a  normal  orien¬ 
tation.  These  intervals  apparently  penetrated  portions  of  the 
basalt  where  unusually  strong  magnetic  fields  discordant  to  the 
earth's  field  prevailed. 

At  the  Sulky  site,  these  zones  seemed  to  be  present  only  in 
postshot  borings,  and  it  was  suggested  (Reference  11)  that  the 
anomalous  fields  resulted  from  the  blast.  Investigations  at  the 
Delta  crater  (Reference  12)  seemed  to  support  this,  though  two  weak 
anomalies  had  also  been  present  at  about  the  saitie  depth  in  the 
preshot  condition.  The  anomalous  zones  at  the  Dugout  site  listed 
in  Table  3.6  are  present  in  about  the  same  percentage  of  preshot 
holes  as  of  postshot  holes.  Thus,  there  is  little  or  no  support 
at  the  Dugout  site  for  the  suggestion  that  the  anomalies  are  piezo- 
magnetic  effects  of  the  blast.  Instead  they  would  appear  to  be  a 
natural  phenomenon . 
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TABLE  3.1  SUMMARY  OF  POSTSHOT  SUBSURFACE  INVESTIGATIONS 
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Nevada  state  coordinate  system. 
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Measiirements  by  hole  caliper. 

Measurements  between  reference  points  set  in  walls. 


^  Measurements  by  hole  caliper. 

^  Measurements  between  reference  points  set  in  walls. 
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^  Measurement  by  hole  caliper. 

^  Measiarements  between  reference  points  set  in  walls. 
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Measurements  by  hole  caliper. 

Measurements  between  reference  points  set  in  walls. 


TABLE  3.6  ZONES  OF  AECMALOUS  MAGNETISM  IN  NX  CORE  BORINGS 


Preshot 

Post shot 

NCG  Core 

Boring 

Number 

Depth 

NCG  Core 

Boring 

Number 

Depth 

feet 

feet 

26 

2.0-14.0 

46 

None 

30 

53.5-56.0 

47 

79.0-85.0  (inclined) 

71.0-74.0 

48 

43.0-45.0 

35 

None 

49.0-52.0 

36 

40.0  (Questionable) 

57.0-58.0 

61.0-62.0 

49 

8.0 

37 

None 

58.0-59.5 

38 

75.0-76.0 

50 

None 

39 

None 

4o 

None 

4i 

44.0-46.0 

42A 

None 

43 

None 

44 

87.0-89.0  (inclined) 

45 

20.0  (inclined) 

77.0-80.0  (Inclined) 
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Figure  3.1  Vertical  aerial  view  of  Dugout  crater,  with  photos  paired  for  stereoscopic  viewing. 


Figure  3.2  Postshot  topography  and  locations  of  trenches  and  borings 


trench  bearing  south  from  side  of  crater.  Trench  was  later  extended  into  crater 


nsw  i33J  Nl  NOI1VA3-I3 
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Figure  3>^  Aerial  distribution  of  selected  ejecta-fallback  size  class 


DUE  NORTH  LINE 
0+00  TO  3+80 
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Figure  3*6  Location  of  photo-grid  traverses  through  and  adjacent  to  crater. 
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Figure  3,7  Cuimilative  frequency  curves  of  ejecta  grain  size 
along  selected  photo-grid  traverse  lines. 
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PERCENT  COARSER  BY  WEIGHT  PERCENT  COARSER  BY  WEIGHT 
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Cumulative  frequency  cxirves  of  ejecta  and  fallback  grain  size  along  selected  photo-grid 
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section  (E-E’). 
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Figure  3*11  Increased  fracturing  evident  in  post shot  borings , 
south  section  (E-E*). 


97 


L 


LEGEND 


FALLBACK 
VTA  EJECTA 
tOEI-j  SILTY  SAND 


mi 


Ba 

imoi 


VESICULAR  BASALT 
l0T0  20n  VESICLES 
VESICULAR  BASALT 
<I09J  VESICLES 
DENSE  BASALT 
CORE  LOSS  ZONE 
(CINDERS  ?) 


N 


\ 

'v. 


1 


N 


Ni; 


i  i  OF  ROW  CHARGE 

PROJECTED  TO 
.  SECTION 


APPROXIMATE  LIMIT  OF  DISTURBED  ZONE; 
\X  EFFECTIVE  POROSITY  IS  NATURAL 
BACKGROUND 


^  CONTOUR  OF  EQUAL  EFFECTIVE  POROSITY  DETERMINED 
2-  FROM  FRACTURE  WIDTHS  IN  BOREHOLE  PHOTOGRAPHS 
^  OF  VERTICAL  BORINGS  ONLY 


_J _ I _ I _ I _ I _ I _ I _ I _ I _ I _ 1 _ I _ I _ L 

260  240  220  200  180  160  140  120  100  80  60  40  20  0 

DISTANCE,  FT  FROM  LINE  OF  CHARGES 


NCG  50 


NCG  49 


/ 


/ 

/ 


•/ 

/ 

/• 


NCG  48 

EFFECTIVE  POROSITY,  PERCENT 


\- 

\ 

\ 

•I 

/ 

/ 


NCG_^ 


/ 


•  / 


^  NCG  38  AND  39 


' 


“I — 


h’ 


PRESHOT 


NCG  38  (OPEN) 
NCG  39  (SOLID) 


Figure  3.13  Effective  porosity  in  post shot  borings,  south 
section  (E-E'). 
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Figure  3«1^  Deformation  in  sheared  zone  as  indicated  by  changes  in  dimensions  of  sand-filled  calyx  holes. 


CHAPTER  4 


DISCUSSION  OF  SUBSURFACE  DISPLACEMENTS  IN 
RUPTURE  ZONE 

Investigations,  of  the  surviving  calyx  holes  and  the  trench  at 
the  west  end  of  the  crater  indicate  that  a  portion  of  the  rupture 
zone  materials  has  been  displaced  toward  the  crater  with  respect 
to  materials  lying  immediately  below.  These  displacements  are 
believed  to  have  occurred  during  the  formation  of  the  crater.  A 
description  of  these  displacements  together  with  similar  displace¬ 
ments  observed  at  other  craters  is  presented  below. 

4.1  GROSS  FEATURES  OF  DISPLACED  ZONE 

On  the  basis  of  the  offsets  in  calyx  hole  U18m  (Appendix  B) 
and  in  the  trench  at  the  true  lip  (Figure  3*4),  it  is  known  that 
the  entire  upper  portion  of  the  mass  at  the  west  end  is  offset  to¬ 
ward  the  crater  with  respect  to  that  below.  The  offsets  along 
individual  flat  joints  increase  upward  from  about  l/2  inch  on  the 
flat  joint  that  cuts  the  hole  at  44  feet  in  depth,  thus  indicating 
that  the  mass  involved  was  at  least  that  thick  at  U18M.  It  should 
be  emphasized  that  the  conspicuous  shearing  has  tak:en  place  along 
several  flat  joints  distributed  throughout  rather  than  a  single 
zone  at  its  base.  An  opening  of  fissures  along  steep  joints  accom¬ 
panied  this  lateral  shift.  Two  of  these  are  evident  in  the  trench. 
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strictly  speaking,  the  craterward  offset  is  only  relative  to  mate¬ 
rial  below,  and  the  net  movement  of  some  mass  points  is  undoubtedly 
away  from  the  crater. 

Since  no  craterward  relative  displacement  is  evident  in  calyx 
hole  U18n,  the  outer  edge  of  the  zone  of  craterward  spreading  is 
apparently  bracketed  at  a  distance  between  35  and  78  feet  from 
the  edge  of  the  true  crater.  The  front  side  of  the  mass  corresponds 
to  the  tirue  crater  wall. 

4.2  EVIDENCE  OF  DISPLACEMENTS  TOWARD  THE  CRATER  AT  OTHER  EXPERIMENTS 

Relative  or  actual  displacements  toward  the  crater  have  taken 
place  at  several  other  cratering  experiments . 

Columns  of  soil  emplaced  in  a  faintly  bedded  alluvial  clay 
were  offset  (Figure  4.1)  by  small  explosions  (27  pounds  of  C -4  high 
explosive)  in  a  test  program  described  in  Reference  26.  Much  of 
the  offset  has  apparently  taken  place  along  horizontal  planes  which 
parallel  stratification.  The  cratermrd  offset  (at  depths  of  0  to 
3  feet)  is  mostly  relative  to  material  below,  and  usually  materials 
above  and  below  have  net  displacements  away  from  the  crater.  Other 
craters  of  the  same  series  show  the  same  phenomena. 

Several  craters  of  the  Air  Vent  series  (Reference  27)  in  moist 
playa  silt  exhibit  displacements  toward  the  crater,  and  one  of 
these  is  illustrated  in  Figure  4.2.  Significant  displacement  of 
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metal  tabs  embedded  in  sand  col-umns  is  indicated  by  the  arrows  in 
the  figure.  A  portion  of  the  silt  outside  the  true  crater  wall 
has  moved  upward  and  toward  the  crater  from  its  preshot  position. 
Similar  movement  was  observed  during  the  Pre-Buggy  series  in  desert 
alluvium  (Reference  28  and  Figure  4.3)* 

In  Operation  Snowball  (Reference  29)  a  crater  formed  by 
detonation  of  a  500-ton  surface  charge  of  TNT  exhibited  evidence  of 
displacement  toward  the  crater  (Figure  4.4).  The  strata  are  wet 
clay,  silt,  and  gravel.  Arcuate  topographic  depressions  (Figure  4.5) 
formed  at  a  distance  beyond  the  crater  indicate  approximate  limits 
of  these  displaced  masses.  The  high  water  table  at  this  site  may 
have  accentuated  the  phenomenon. 

During  1-pound  high-explosive  detonations  in  a  carefully  con¬ 
trolled  sand  medium,  slumping  was  observed  (Figure  4.6)  with  the 
slumped  materials  coming  to  rest  in  the  lower  portion  of  the  fall¬ 
back  or  the  close-in  portion  of  the  rupture  zone  (Reference  30). 
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STEMMING  STUDY  SHOT-18 
IN  MOIST  CLAY  SOIL,  BIG  BLACK  RIVER,  MISS. 


XJ  'Oa3Z  30vjuns  WOMd  BDNVXSIO  lVDIXa3A 
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ELEVATION,  FEET 


Figure  U.2  Cross  section  of  crater  in  playa  silt  showing  relative  craterward 
displacement  of  marker  tahs  (adapted  from  Reference  27). 
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(a)  POSTSHOT  SAND  COLUMN  POSITIONS,  LONGITUDINAL  RADIAL,  FIVE  lOOO-LB 
NITROMETHANE  CHARGES  BURIED  AT  A  DEPTH  OF  19.8  FEET  AND  SPACED 
20.6  FEET  APART. 
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(b)  POSTSHOT  SAND  COLUMN  POSITIONS,  LONGITUDINAL  RADIAL,  FIVE  lOOO-LB 
NITROMETHANE  CHARGES  BURIED  AT  A  DEPTH  OF  19.8  FEET  AND  SPACED 
25.8  FEET  APART. 


Figure  4.3  Sand  column  displacement  from  two  of  the 
Project  Pre-Buggy  row  craters  (from  Reference  28). 
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Figure  4.4  Measured  permanent  horizontal  displacements, 
Project  Snowball  (from  Reference  29). 


Figure  4.5  Post shot  topography  of  Operation  Snowball  crater 
showing  arcuate  depressions  beyond  the  west  rim. 
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CHAPTER  5 


SUMMARY  AND  CONCLUSIONS 

The  Dugout  cratering  experiment  was  conducted  on  Backboard 
Mesa  at  the  NTS,  Nye  County,  Nevada.  It  consisted  of  the 
simultaneous  detonation  of  five  20-ton  nitromethane  charges  in 
linear  array  at  a  depth  of  59  feet  in  dry  basalt.  The  engineering 
and  geological  investigations  utilized  the  following  sources  of 
data:  preshot  and  postshot  aerial  photographs  and  topographic 
maps,  NX  core  from  I5  preshot  and  5  postshot  borings,  10  preshot 
calyx  holes,  4  of  the  same  calyx  holes  that  survived  the  blast, 

2  post shot  trenches,  borehole  photographs  from  most  of  the  borings, 
physical  tests  on  selected  core  samples,  bulk  density  determination 
of  a  large  ejecta  sample,  field  vibroseismic  measurements,  and 
closeup  grid  photographs  of  the  ejecta. 

Buckboard  Mesa  is  capped  by  a  complex  basalt  sheet  about  100 
to  200  feet  thick  that  originally  flowed  as  a  viscous  lava  south¬ 
east  from  its  source  near  Scrugham  Peak.  As  many  as  three  tongues 
of  lava  are  superinposed  locally,  each  exhibiting  a  sequence  of 
vesicular  basalt  over  dense  basalt  over  a  thin  vesicular  base.  In 
three  dimensions  it  is  seen  that  strata  are  arranged  as  nested 
cylinders  sheathing  the  individual  lava  tongues. 

The  basalt  has  been  divided  into  five  groups  based  on  vesicle 
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content.  These  groups  and  corresponding  type  designations  used  in 
laboratory  studies  are:  vesicular  basalt  with  more  than  20  percent 
dispersed  subspherical  vesicles  (Type  V),  vesicular  basalt  with  10 
to  20  percent  flattened  vesicles  in  discontinuous  layers  (Types  III 
and  IV) 5  vesicular  basalt  with  2  to  10  percent  vesicles  in  layers 
(Type  II),  and  dense  basalt  with  up  to  2  percent  dispersed 
vesicles  (Type  l). 

Average  dry  bulk  specific  gravity  ranges' from  about  2.3  for 
Type  V  basalt  to  about  2.7  for  Type  I  basalt.  Static  unconfined 
compressive  strengths  for  six  satt5)les  range  from  about  7,000  to 
17,000  psi.  Tangent  moduli  of  elasticity  determined  on  basalt 
from  a  nearby  hole  range  between  2.3  X  10^  and  6.6  X  10  psi. 

Failure  envelopes  constructed  on  the  basis  of  both  triaxial 
compression  tests  and  double  direct  shear  tests  give  values  of 
about  35  to  50  degrees  for  Type  I  basalt  and  about  20  degrees 
for  Type  V  basalt  with  values  of  cohesion  of  3,500  to  8,000  psi 
for  Type  I  basalt  and  3,500  psi  for  Type  V  basalt. 

Triaxial  compression  tests  were  conducted  on  7  samples  with 
joints  inclined  at  about  65  degrees  to  the  major  principal  planes. 
The  stress  at  first  slip  appears  to  be  increased  by  increases  in 
confining  pressure,  roughness  of  joint,  and  strength  due  to  healing 

Sonic  and  ultrasonic  tests  suggest  that  dynamic  Poisson's 
ratio  lies  in  the  range  of  0.20  to  0.29,  Young's  modulus  of 
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elasticity  is  atout  4  X  10  to  8  X  10  psi,  and  modulus  of  rigidity 

6  6 

is  about  1.9  X  10  to  3.2  X  10  psi  for  Types  I  through  III  basalt. 

Seismic  field  studies  along  a  nearby  traverse  showed  average 
compression  wave  velocities  of  about  1,000  ft/sec  in  the  soil 
layer  and  4,000  in  the  vesicular  basalt  below.  From  these  values 
the  velocity  apparently  increases  to  average  values  of  about 
13,000  and  l6,000  ft/sec  in  slightly  vesicular  and  dense  basalt 
(Types  III  and  I  basalt),  respectively,  as  indicated  by  laboratory 
tests.  Vibratory  field  measurements  suggest  average  shear  wave 
velocities  of  about  700  ft/sec  in  the  soil  layer  and  1,300  ft/sec 
in  the  upper  basalt  (presumably  Type  V  basalt).  Effective 
porosity  calculated  from  joint  openings  is  about  1  percent. 

Structure  determined  in  borehole  photographs  and  the  walls 
of  calyx  holes  consists  of  flow-layered  basalt  types  arranged  as 
flattened,  nested  cylinders  with  gradational  contacts.  At  the 
Dugout  site  two  cylinders  are  evident,  an  older  one  with  axis  corre¬ 
sponding  to  flow  toward  the  northeast  and  a  crosscutting  cylinder 
with  axis  indicating  flow  toward  the  southeast. 

This  cylindrical  structure  along  with  numerous  minor  flow 
folds  arranged  parallel  and  across  the  cylinder  axis  establishes  a 
simple  orthogonal  flow  structure  pattern  for  the  entire  site.  Joints 
and  blast ' fractures  tend  to  parallel  the  flow  layers,  and  as  a 
result  some  of  the  blast  effects  are  modified  by  the  primary  flow 
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pattern  and  the  system  of  Joints.  The  dominant  structural  element 
with  regard  to  cratering  is  believed  to  be  a  system  of  major  verticeJ. 
Joints  in  two  sets  striking  northeast  and  northwest  normal  to  the 
flow  cylinder  axes.  Spacing  between  these  Joints  is  about  5  feet. 

The  charge  was  detonated  on  24  Jime  1964,  and  it  formed  an 
elliptical  apparent  crater  about  135  feet  wide,  285  feet  long,  and 
35  feet  deep.  The  displaced  preshot  ground  surface  below  ejecta 
is  uplifted  from  3  to  12  feet  in  the  trench  through  the  south  lip. 

In  the  trench  through  the  lip  at  the  west  end  the  maximum  uplift 
is  only  2  feet,  and  much  of  the  displaced  ground  surface  along  the 
lip  is  below  its  preshot  elevation. 

The  ejecta  piled  on  this  surface  is  up  to  20  feet  thick  in 
the  south  trench  and  only  about  10  feet  thick  in  the  west  end  trench. 
The  thickness  of  fallback  and  ejecta  decreases  to  its  outer  limit 
at  a  maximum  of  5OO  feet  from  the  row^ charge  location.  The  grain 
size  also  decreases  outward  generally.  The  bulk  density  of  a  large 
sample  of  ejecta  excavated  from  the  south  trench  was  II9  pcf,  equiv¬ 
alent  to  a  bulking  factor  of  1.39- 

The  true  crater,  exposed  by  a  trench  extending  into  the  crater, 
slopes  at  about  48  degrees  on  the  south  side  and  54  degrees  on  the 
west  end  and  presiimably  rounds  at  the  bottom  to  a  form  approximating 
a  paraboloid.  At  the  preshot  ground  elevation  the  crater  is  80 
feet  horizontally  from  the  position  of  the  row  charge  in  the  south 
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trench  and  in  the  west  end  trench  57  feet  from  the  position  of  the 
nearest  charge. 

The  rupture  zone  heyond  the  true  crater  can  he  subdivided  into 
three  zones  of  distinct  types  of  deformation:  the  blast -fractured 
zone,  the  bulked  zone,  and  the  sheared  zone  (Figure  5.1).  These 
three  zones  are  partly  superin^josed.  The  zone  of  blast  fracturing 
extends  at  least  as  far  as  260  feet  south  of  the  position  of  the 
line  of  charges  at  a  depth  of  60  feet.  This  depth  is  apparently 
favorable  for  fracturing  by  virtue  of  stratigraphy  or  possibly 
crater  mechahics.  On  the  west  end  significant  blast  fracturing 
extends  a  maximum  of  170  feet  from  the  position  of  the  end  charge 
at  the  same  favored  depth  of  60  feet. 

The  zone  of  bulking  has  much  the  same  configuration  as  the  blast - 
fractured  zone  and  probaily  extends  about  260  feet  to  the  south. 
Effective  porosities  of  as  much  as  l4  percent  were  computed  for  short 
intervals  of  WCG  46  at  a  distance  of  120  feet  from  the  preshot  posi¬ 
tion  of  the  nearest  charge. 

A  zone  characterized  by  conspicuous  shear  deformation  extends 
at  least  I60  feet  from  the  end  of  the  row  charge.  The  diameters  of 
the  sand-filled  calyx  holes  that  penetrated  this  zone  were  on  the 
average  decreased  in  a  direction  N67E  and  increased  in  a  direction 
W23W.  This  strain  ellipse  does  not  coincide  with  that  expected  in 
response  to  a  conpressive  shock  wave  propagated  west  from  the  charges. 


The  explanation  of  this  anomaly  is  apparently  to  he  found  in  the 
structural  anisotropy  of  the  site.  Most  of  the  observed  permanent 
strain  has  taken  place  by  shear  along  the  set  of  major  vertical 
joints  striking  northeast. 

The  upper  44-foot  portion  of  the  media  below  the  true  crater 
lip  at  the  west  end  exhibits  relative  craterward  offset  with  respect 
to  material  immediately  below,  along  several  flat  fractures.  Off¬ 
sets  along  individual  fractures  in  U18m  are  as  large  as  3  inches. 

In  the  nearby  trench,  the  apparent  deformation  at  the  edge  of  the 
crater  has  been  an  opening  of  fissures  acconpanying  a  craterward 
slumping  that  occurred  while  the  mass  was  still  endowed  with 
kinetic  energy  from  the  blast.  Similar  information  obtained 
during  other  crater  studies,  indicates  that  materials  in  the  lower 
portion  of  the  fallback  zone  and  in  the  rupture  zone  are  displaced 
toward  the  crater  opening.  The  reasons  for  relative  and  net  dis¬ 
placements  toward  the  crater  are  not  clearly  understood.  The  nature 
and  cause  of  such  displacements  will  be  explored  during  future 
investigations  of  the  engineering  properties  of  craters. 
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Figure  A, 4  Log  of  core  T^oring  NOG  2.1 
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(Continued) 


Figure  A.  5 


Log  of  core  Boring  KOG  20. 
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Figure  A.6  logs  of  core  Borings  NOGr  21  and  NOG  22, 
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Figure  A. 8  Log  of  core  Boring  NCX}  24, 
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Figure  A. 10  Log  of  core  Boring  NOG  26. 
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1/16",  Pf 

rt^5* 

90a 

1/16",  Pf 

“ 

*-« 

60S 

3/16",  Pf 

= 

■UK 

5C*v 

1/I6",  Pf 

190- 

.  1)1  Tee,  dip  10° 

100 

-y 

f  BSSW 

sa* 

1/16",  0 

_  ( 

■6;^ 

75a 

E 

“ 

■25W 

653V 

H 

“ 

■60V 

45av 

H 

— 

■60* 

20a 

3/16",  Pf 

195  - 

- 

■70V 

85SV 

— 

■50* 

loa 

a/16",  F 

" 

■lOV 

603tf 

1/16",  Pf 

no* 

70a 

1/16’,  Pf 

99 

■45s 

»a 

1/36",  Pf 

200 

--  *20* 

30mf 

1/16*,  Pf 

(Cotitlmed) 


Figure  A,l6 


Log  of  core  Boring  K06  3^. 
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Figure  A.l8 


Log  of  core  Boring  NCXJ  36. 
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TOTAL  COAE  RECOWEHY: 


PROJECT  DUGOUT 

»  B  653,3‘>9.6  g  59»*,0A.9 _ 

TYPE  OF  BORINC:  H  -  UIAMCIID 
DRILUNC  AGENCY:  Ug; 

DEPTH  TO  WATER  TABLE:  Mb  wwtEr  cncoonterEd 
HOLE  STARTED:  20  IfarCb 

HOLE  completed  21  Ihrcb  19^ 

I  CORE  I  SORE  HOLE  CAMERA  JOINT  DAT 


xai  licit  gaud  -..'/caliche  ahd 

FUACMEStlS  OF  TC3ICULAS 
BArXLT 


- »tap  or  Bode  - 

VSCICOIAR  BASALT,  CRT,  HO, 

25  TO  '■-Vfh  VKS,  RAIIGE  FISM 
1/22  TO  1/2  El.  El  -iTDIH, 
FIATT31E0  AKD  0B> 

?5  TO  l»5 


■B^V  20®Stf  * 

rro°E  * 


VESICULAB  BASALT,  GBT,  BD, 
TOS,  A.TEKACE  I/8  TO  \/h  XB. 
El  IJEMDIH,  FIAl'IUlbU  AHD 
EOF  10  TO  15  EEC  SOOIHiKST 


ieO**E  To'Vrf  « 
■30®E  1^  • 


■6o‘\l  30*^  ■ 

wsfv  6i®sw  ■ 

■25“1b  80®SB  * 

no®*  Ithn  * 

H55®tf  70®1*  ■ 

B_s  70®W  ■ 


Figure  A.21  Logs  of  core  Borings  liOG  41  and  NOGr  kZ, 


BOTTOM  Er£VftTIWI:  53O3.7  FT 


Figure  A,22 


Log  of 


core  Boring  NOG-  42A. 
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(Continued) 


IgS^ 


5286.0 


PROJECT  OUGOUT 


BORtNONO.:  MOO  (Cont.) 


15270.0 


CORB 

Ihecov- 

ERV.  % 


VESICULAR  BASALT,  GRY,  HD,  55^  VES, 
1/0  TO  1/h  IH.  IN  LENGTH  y- 

DENSE  BASALT,  GRY,  KD,  W/WIDELY 
SCAT  VES 


bore  HOLE  CAMERA  JOINT  O 


5°SJ 


1/8”,  Pf 


lA"j  F 


BOTTCM  DEPTH:  ISO.O  IT 
BOTTOM  EIZVATION:  5270.0  IT 


Figure  A.23 


Log  of  core  Boring  NOG  43. 
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project  dugout  j 

BORINC 

MO.: 

KC  Vk  (Cant.) 

— 

El. 

[>ES>TM 

DESCrnif^TION 

CORE 

BORE  MOLE  CAMERA  JOIPCT  DATA  j 

CTY.  X 

WIV 

PT 

strike 

DIP 

FILLING 

100. 

L 

X05r- 

99 

Z 

6rf* 

30" 

» 

lio¬ 

5392.1 

ns - 

120- 

100 

30P 

30° 

IloP 

60° 

- 

BOTKM  vami  121.0  PI 
BomM  cKVAnai:  .  5262.1  pi 


■ote:  Depths  riMW  iqpiiescut  slsnt  dlstmces 


Figure  A. 24 


log  of  core  Boring  NOGr  44. 
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APPENDIX  B 

PRESHOT  AND  POSTSHOT  LOGS  OF  CALYX  HOLES 
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LEGEND  FOR  CALYX  HOLE  LOGS 


LITHOLOGY 


SILTY  SAND  WITH  FRAGMENTS 
OF  BASALT 


VESICULAR  BASALT;  10  TO  20% 
VESICLES 


CINDERS  AND  SCORIA 

VESICULAR  BASALT;  20%  VESICLES 

OR  MORE 

VESICULAR  BASALT;  2  TO  10% 
VESICLES 


DENSE  BASALT;  <2%  VESICLES 


LITHOLOGIC  CONTACTS 


SCHEMATIC  REPRESENTATION  OF  ATTITUDE  OF  VESICLES  AND  LAYERS  OF  VESICLES 


large  open  vesicle  or  cavity  (to  scale) 


PRESHOT  JOINTS 


-  WIDTH  ^  1/32” 

-  1/32”  <  WIDTH  <  1/8” 

-  1/8”  <  WIDTH  <  1/4” 

1/4"  <  WIDTH  <  1/2” 

■■■  1/2”  <  WIDTH  (TO  SCALE) 

Ryxxyyxyx)  WIDE,  FILLED  JOINT  OR  CAVITY  (FILLING  MATERIAL  AS  INOlCAtED) 


POSTSHOT  FRACTURE  CONDITIONS 
(HOLES  U  18  M,  U  18  N,  U  18  O,  AND  U  18  P  ONLY) 

WIDTH  <  1/32"  — —  1/4"  <  WIDTH  <  1/2” 

1/32”  <  WIDTH  <  1/8"  "  '  1/2”  <  WIDTH 

1/8"  <  WIDTH  <  1/4" 


CAVITY;  COMMONLY  LOCALIZED  ALONG  FRACTURE  WHERE  EDGES  TEND 
TO  SPALL 


RELATIVE  DISPLACEMENT  ALONG  A  FRACTURE  IN  DIRECTION  NORMAL  TO 
CALYX  HOLE  WALL;  AMOUNT  OF  OFFSET  INDICATED  ON  SIDE  OF  FRACTURE 
DISPLACED  OUTWARD  (O)  INTO  CALYX  HOLE 


RELATIVE  DISPLACEMENT  ALONG  A  FRACTURE  IN  DIRECTION  OBLIQUE  TO 
CALYX  HOLE  WALL;  SYMBOL  OV  ON  SIDE  DISPLACED  OVER  OPPOSITE  SIDE 


RELATIVE  DISPLACEMENT  ALONG  A  FRACTURE  IN  DIRECTION  PARALLELING 
CALYX  HOLE  WALL;  ARROW  AND  MAGNITUDE  INDICATE  MOVEMENT  WITH 
RESPECT  TO  OPPOSITE  SIDE  OF  FRACTURE 


RELATIVE  DISPLACEMENT  OF  MARKS  ON  OPPOSITE  SIDES  OF  PRESHOT  JOINT; 
POSTSHOT  DISTANCE  (INCHES)  SHOWN  OVER  PRESHOT  DISTANCE 
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LOG  OF  CALYX  HOLE 


.^U  to  4U>6  vesicles  th;it  nvernge  1/8  to  1/2  m  in 
len.Qth  (few  up  to  4  in.  lon^  nnd  I  in.  wide), 
wilh-roiidom  oiieiilntion. 
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CcoNTiNUED) _ LOG  OF  CALYX  HOLE  _ 

project:  DUGOUT _ HOLE  NO.:  UI8G _ 

elevation:  5384.74  _ _ LOCATION:  N853,289.90  E594, 120.20 

TOTAL  depth:  65.2  FT  HOLE  DIAMETER:  36  IN. 


Dense  basalt  with  widely  scattered  vesicles 
dipping  southeast. 


LOG  OF  CALYX  HOLE 


Tan.  sitty  sand  with  caliche  and  fragments  and 
boulders  of  vesicular  basalt. 


bouideis  01  vesicular  basalt. 


25%  vesicles,  with  two  size  ranges  sinalter  size 

that  averages  1/8  to  \/^  in.  in  length.  20%  ot  the 


will!  Miidoiii  orientation. 


''ck'  -7' ' ' ' ' ' ''"v"' '  -7;- ' '  -  'V'  •  'yk' 

■  vyv.:-M!.V.Y>; 'A ;,/i /';,V ' 

u'  X  'f'/ ^  '  I  N  i  W 

S'! '  Si  **  //'v  I  '  ',|'  ^  ^  -  M  '  '  I  i//^/i  S  1  '  V  V  '  'V 

:-r  ' . ' I ^ \// , ^  v'/v - ",  w/r » ^// ‘ /s-/ xV "'is'' 


S#f^s 

ilt. 


Figure  B,3  Log  of  calyx  Hole  Ul8H, 


CcoNTiNUED) _ LOG  OF  CALYX  HOLE  _ 

project:  DUGOUT  _ HOLE  NO.:  U  18  H _ 

elevation:  5385.59  LOCATION:  N853,290.00  £594,075.00 

TOTAL  DEPTH:  65.2  FT _ HOLE  DIAMETER:  36  IN. _ 

PHOTOGRAPH  SECTION  REMARKS 


> 

\v'  I  ,  '  \  I  '  ^  ',1  '  I*  I  »  \  \\\^\  \  . 

Ml \ x' ''  o 

V'  '''  '  •'''  h''''  '  ' 


//  .  .N  / 


' -'  ''.I  '/.'C  0,//,' 


'  M'  '  -/s'  '  '  N  ''  '  ' ,  Hi ,  '  /  !'  I '/  ", '  I  * ' 

"  "  1  -  '  '  s  /  "  V  ^  J  I  1*  '  »  L  ^  \  I  <  *  / 

''A'-  '  ' 

5;: 

\  \  \  ^  \  ^  ^  /  N  /  '^  ;  I  * )  ^  ^  v\  ^  M  ^  ^  t  /  >  h  »  \  \ 


(S 
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Figure  B.4  Log  of 


LOG  OF  CALYX  HOLE 


Cindery  material,  brick  red.  7.1  ft. 


(CONTINUE 


(CONTINUED) _ LOG  OF  CALYX  HOLE 

project;  dugout 
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Dense  basalt  with  widely  scattered  vesicles. 


LOG  OF  CALYX  HOLE 


© 


Vesicular  basalt.  25%  vesicles  Hint  range  up  to 


Dense  basalt  with  widely  scattered  vesicles. 


Dense  basalt  with  widely  scattered  vesicles 
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25  lo  35V5  vesicles,  .iver.ige  1/4  in.  in  lenglh.  Many 

vesicles  range  up  to  t  in.  in  length  and  1/8  in.  in 

width,  and  are  horizontal. 


Figvire  B.ll  Log  of  calyx  Hole  Ul8L. 


Vesicular  basalt.  20%  vesicles,  with  smaller 
vesicles  averaging  1/4  in.  in  length,  and  vesicles 
up  to  2  in.  in  length  and  1/2  in.  in  width,  with  a 
dip  to  the  north. 


158 


(D 


B.12 


Loose  soil  containing  tiasalt  li.H^menls.  Many  fragments 
dislodged  fiom  wall. 


LOG  OF  CALYX  HOLE 


<n 

cc 

< 

2 

LiJ 

cr 


z 

o 

h- 

o 

UJ 

CO 
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Q. 
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DC 
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O 
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© 


average  1^4  in  in  longili.  mnnv 


Figure  B.15  Log  of  calyx  Hole  Ul8N 


B.l6  Log  of  calyx  Hole  Ul8N  (C!ont limed). 


_ _ LOG  OF  CALYX  HOLE _ 

project:  DUGOUT  hole  no.:  UI8  0 


ill 

h-  O 
<  -I  H 

>  <  o 

UJ  I-  I 

_j  o  S; 

liJ  I- 


© 


Vesicuint  basalt.  205S  vesicles  range  from  1/lS  to 


Figxire  B.17  log  of  calyx  Hole  Ul80. 


if  cal; 


Dense  basnit  with  scaUefed  vesicles. 


APPENDIX  C 

POSTSHOT  BORING  LOGS 
(See  legend  for  Appendix  A.) 
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PROJECT  DUGOUT 


N  853/180  E  $9**,  057 


PROJECT  DUGOUT 


KCX}  h6  (con-tlnued) 


smP;  vltb  iMsalt  fragment b 
and  caliche 

- Top  of  Rock - ^ 

VESICTJIAR  BASALT;  gry;  20^  ves 
^  1/16  in.  diam.  y 

VRSICUIAB  BASOJ:  10  to  20^t 
flat  ves,  avg  l/k  In.  lo2>g, 
dip  10  to  50  deg. 


3  vater  return  below  ft 


VESICOLftR  BASALT;  20^  flat  vea,  100 
avg  1/8  in.  long,  dip  10  deg.  q^qq 


VESICUIAR  BASALT;  as  above 
escc^t  bin  color,  2%  vea, 
dip  0  to  lf5  deg . 


pi 

I 


SICDIAR  MSALT  AKP  nEKSS  BfcSALT; 
in  alternating  Layers, 

VCB  layers  contain  10  to  20^ 
ves,  dense  layer  contain  ^ 
ves  locally,  1/8  to  ifk  in. 
long,  dip  10  to  20  deg. 


PSRSE  BASAU;  gry;  layers  Of 
ves  spaced  1/2  to  6  in., 
dip  0  to  10  deg. 

Joints  and  blast  fracrtores 
tend  to  parallel  flow  layers. 


H75E  UOSE  1/2",  Ct 


M55E  15SE  1/8",  Ct 
N80W  1 60S  li/ie*^ 


N7OE  1 25N  1 
Four  fresh  fractures 
S80E  6QN  1/4",  Ct 

5SE  1/4",  Ct 

H3OW  3OSW  3/4",  Ct 

N20E  7OW  1/4",  Ct 

0  3",  Ct 

E-W  231  1/8",  Ct 


M70E  35s  1/8" 

H80tf  45N  1/8",  Ct 

N5E  65E  1/4",  Ct 

1I25H  6om  1/8" 

E-W  50K  3/8",  a 

Three  fresh  fractures 
N85E  15N  1/8" 

H85E  15N  1/8" 

0  1/8"  a 

HME  25W  1/16", 

N5W  90  1/16",  ct 


30W  1/8",  ct 

15W  1/8" 

90  1/4",  Ct 


4om  lA",  Ct 
90  1/16%  Ct 


40  to  42  ft.  Five  Joints 
and  four  fresh 
fractures. 

5W  1/16" 

n85W  85s  1/4",  Ct 

0  1/8",  Ct 

0  1/8",  Ct 

5tf  1/8",  Ct 

.  ICK  1/8",  Ct 

\  ION  1/4",  Ct 

One  joint,  one  fresh 
fracture . 


35E  1/32" 

5CM  1/3”  Ct 
30s  1/8"  Ct 
75SE  1/16" 


NaoE  45W  1/16" 

H3aE  55SE  1/8" 


N55W  65s  1/4"  Ct 

N70E  45N  1/16"  Ct 


CORE  LOSS  ZCME.  mosUy  in 
red  scoria  and  cinders 


Bottom  D«>th:  I39.5  ft 
Bottom  Elevation:  ^247 .6  ft 


n85e  15s  1/16" 

II8OW  90  1/8",  ct 

0  1/16" 

0  1/16" 

M85W  6cn  1/32" 

E-W  7CW  1/4",  Ct 

mow  40W  1/4" 

KlOE  35E  1/4" 

N3OW  8OSW  1/4",  Ct 

mow  aoE  1/16'' 

103  1/2" 

lOSE  1/2" 

0  1/2" 

lOE  1/2" 

N35W  55s  1/8" 

M45E  20SE  1/8" 

H50W  40SW  1/8" 

N80E  45N  1/32" 

mjw  30E  1/8" 

Two  fresh  fractures 
llOS  |l/2" 

N50E  aOSE  1/2" 

N3OE  I 40SE  ' 

One  fresh  fracture 
K5OE  25SE  1/4" 

N25W  7OSW  1/16",  Ct 
lOSE  1/4" 

M7OE  15N  1/2" 


55iffi  1/4",  Ct 
80SE  1/8" 

20N  1/16” 

30tl  1/4",  Ct 
5W  1/4" 


6OSE  1/16" 
45KE  1/4" ,  Ct 
45SE  1/8" 


lOS  1/4" ,  Ct 
65E  1/16" 

3ON  1/4",  Ct 
20NE  1/8" 

20SW  1/16" 
lOB  lA" 
lOHE  1/8" 

90  1/4",  Ct 

35W  1/8" 

55W  1/4" 

lOHE  1/4" 

45E  i/4"  ,  Ct 

0  1/8" 

0  1/8" 

lOSE  1/8" 

4CKE  1/16" 

SSS  1/8",  Ct 


90  i/32" 

90  1/8",  Ct 


Figiire  C,1  Log  of  core  Boring  NCXj  US, 


SILTj  vlth  caliche  aad  hasalt 
fraonentB 

- Jap  of  Rock - 

VESICTllAR  B/VSALT;  gryj  SO  to  25^ 
■TCS>  mostly  flat  and  dipping 
30  to  50  deg,  avg  I/8  In.  long 


-Ro  vat«r  return  helow  5.O  ft 


TOSIcmAR  BASALT;  as  shove 
except  hm 


VESICUIAR  BASALT;  as  above 
35  -  /-),\  except  gry 

>,7“ 


VKSICTilAR  BASMT  ATO  HBTSE  BASAOP;  ■ 
In  alternating  layers,  ves 
layers  contain  1^  ves,  denee 
layers  contain  5^  ves  concen¬ 
trated  In  layers  spaced 
1/2  to  2  In.  apart,  ves  svg 
1^  In.  long,  dip  0  to  1)^5  deg. 


yracturea  parallel  flow  layers 


^  gryj  layers  of 
sd  1/2  to  1-1/2  In., 


DBISE  BASADT;  gry;  few  vlddy 
dl^>ersed  ves 


78.8  to  8U.8  ft,  anonealous 
nagnetlam  evident  by  swing 
of  conpass  needle  90  deg; 
no  other  anomaly  in  this 
bole. 


63s  1/8",  Ct 
3®  1/8",  « 
6TStf  1/2",  Ct 

15s  l.A”>  Ct 

7l»N  lA  ,  Ct 
52S  1/2",  Ct 

1*8N  l/k",  Ct 

323  1",  Ct 

50s  1",  Ct 

!v3N  1/4",  Ct 

13NE  1/0" 

62s  >  1",  Ct 

89E  1/16" 

62s  1/4",  Ct 

40W  lA">  Ct 
13M  l/8">  Ct 

3®  1/8  ,  Ct 
7®  1/8",  Ct 

20s  1/16" 

8®  1/4",  Ct 

16s  1/4",  Ct 

25tf  1/8" 

l8SW  1/4",  Ct 


I165K  1®  1/2",  Ct 

K34e  75Htf  l/l£" 

H7E  5W  1/4",  Ct 


h45W  90  1/4”,  Ct 

jrjOE  24n  1/16" 

»5E  1®  1/4",  ct 

Kl®  I3W  1/4",  Ct 

H3W  65W  1/16" 

Cue  fresh  fracture 
H33W  44SW  1/8" 

E-W  1®  1/4",  Ct 

E-W  1®  1/8" 

E-W  1®  l/l£" 

E-W  3ON  1/32" 

H-3  35H  1/8",  Ct 

One  fresh  fracture 

0  lA" 

H3OW  31E  1/8",  Ct 

H37W  5^  1/8",  Ct 

U7®  8®  :iy8",  Ct 

HI®  22W  3/16" 

H45W  5OKE  1/16" 

S63W  16s  1/16" 

M32E  15SE  1/8" 

irsw  5E  1/18" 

H4CfE  253E  1/16" 

H25W  aTE  i/fl" 

H3®  33E  1/8" 

Hass  4aE  1/8" 

ij4e  59E  1/8" 

KL®  22W  lA">  Ct 

H25W  83tf  1/8",  Ct 

m®  78W  lA",  ct 

I147E  3OBW  lA">  Ct 

ir35W  37HE  V8" 

H15E  30»  1/32" 

H54e  us  VI6" 

e54b  us  i/:i£” 

h45w  331E  1/0" 


Bottom  Depth:  U5.9  ^ 
Bottom  Elevation:  5271.3  ft 


eop 

C  MOLE  CAM 

SRA  JOtHT  DATA  | 

MIO- 

(*T 

strike 

IBG 

DIP 

1190 

WIDTH  ft 

FILLING 

H17W 

1/8",  ct 

_ 

116® 

22S 

3/2",  ct 

“ 

KLStf 

58w 

1/61, 

ir25B 

aTw 

1", 

= 

KL7V 

1® 

lA",  ct 

_ 

h48w 

25W 

1/2" 

\ 

R-S 

3M 

1/4",  Ct 

E-W 

2® 

1/8",  ct 

= 

R54E 

60® 

lA".  ct 

~ 

E-V 

3OR 

lA",  ct 

- 

hi8e 

8® 

lA".  ct 

N39W 

13® 

1/8" 

R3B 

6® 

1/8",  ct 

.... 

R42B 

20SE 

1/8",  Ct 

H42E 

20SB 

1/16” 

R45E 

23RW 

1/2",  Ct 

_ 

JI33W 

45SW 

1/8" 

— 

H4® 

55® 

1/8",  Ct 

R45E 

90 

1/8",  ct 

— 

H18e 

55Vf 

1/8" 

H55E 

13W 

1/8" 

R22E 

56tf 

1/8",  ot 

R25W 

4® 

1/8" 

— 

HTTE 

90 

lA",  ct 

\ 

H48E 

3ORW 

1/8" 

\ 

irsTE 

65® 

1/8" 

\ 

He® 

■35s  1 

1/8",  ct 

ia4E 

lA",  ct 

HI6W  34w  iA" 

Il4lw  85SE  lA",  Ct 

R42E  473E  1/8" 


,H33B  57NW  1/8"  Ct  ! 

jiace  203  lA" _ 


Figxire  C.2  Log  of  core  Baring  NC3G  kj, 
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PROJECT  DUGOUT 


PROJECT  DUGOUT 


BORING  NO.:  BOG 


BORING  NO.:  HOG  1,8  {Contlnued) 


Bottom  Deptb;  ISO.O  ft 
Bottcn  ElevatloQt  5267.1  ft 


Figure  C,3  Log  of  core  Boring  NOG  48. 
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APPENDIX  D 


RESULTS  OF  POSTSHOT  VIBRATORY  AND  SEISMIC  INVESTIGATIONS 


This  appendix  is  an  abstract  of  Reference  21,  which  summarizes 
vibratory  and  seismic  investigations  conducted  by  the  Soils  Dynamics 
Branch,  WES,  during  the  month  of  December  I965.  The  investigation 
was  conducted  for  the  piirpose  of  evaluating  the  dynamic  in  situ 
testing  techniques  and  associated  equipment  as  a  means  for  deter¬ 
mining  boundaries  of  subsurface  fracture  zones  in  the  immediate 
vicinity  of  craters  produced  by  explosions.  Results  bearing  on  the 
site  conditions  are  emphasized  in  this  appendix. 

D.l  SEISMIC  INVESTIGATION 

Refraction  seismic  tests  were  conducted  at  the  southern  edge  of 
the  crater  to  determine  the  velocities  of  compression  waves  traveling 
through  the  subsurface  materials.  A  total  of  eight  seismic  trav¬ 
erses  were  run  along  four  lines  by  detonating  a  charge  at  each  end 
of  the  line  for  a  forward  and  reverse  traverse  to  provide  more 
detailed  coverage. 

The  data  obtained  from  these  tests  were  somewhat  erratic,  and 
analysis  was  consequently  inconclusive.  The  erratic  data  are  attri¬ 
buted  to  the  discontinuous  nature  of  the  undisturbed  subsurface 
materials.  There  was  no  indication  of  any  definite  fracture  zones, 
because,  as  was  subsequently  determined,  geophone  spacing  and 
traverse  orientation  did  not  provide  sufficiently  detailed  coverage 
in  the  area  of  interest. 
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The  seismic  (compression)  wave  velocities  varied  from  2,100  to 
8 , 500  fps .  The  depths  of  velocity  changes  were  computed  hy  conven¬ 
tional  refraction  seismology  techniques,  but  they  are  somewhat  in¬ 
consistent.  However,  taking  the'  seismic  traverses  collectively, 
the  velocities  apparently  can  be  grouped  into  four  categories  which 
seem  to  characterize  the  primary  geologic  divisions  known  to  exist 
in  this  area.  A  meaningful  correlation  between  the  velocities  and 
geologic  divisions  established  by  borings  can  be  made  in  a  few 
cases,  as  follows: 


Geologic  Unit 

Depth  from 
Surface 

Velocity 

Range 

feet 

ft/ sec 

Soil  overburden 

0-8 

2,100-3,500 

Vesicular  basalt 

20^  vesicles 

8-35 

5,000 

Vesic*ular  basalt 

10*^  vesicles 

35-42 

6,500-7,000: 

Dense  basalt 

42+ 

8,000-8,500 

D.2  VIBRATORY  INVESTIGATION 

Vibration  tests  were  conducted  to  determine  the  length  of 
shear  waves  generated  by  a  vibrator  operated  at  controlled  fre¬ 
quencies.  From  this  information,  shear  wave  velocities  were 
computed.  The  traverses  extended  east  and  west  from  the  south 
trench  at  distances  of  200  and  3IO  feet  from  the  south  edge  of  the 
apparent  crater.  Other  traverses  were  oriented  in  the  north-south 
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direction  along  the  trench  perpendicular  to  the  south  edge  of  the 
crater.  The  original  concept  was  to  start  the  test  program  as  near 
to  the  crater  as  possible  and  to  run  parallel  traverses  at  in¬ 
creasing  distances  while  noting  changes  in  shear  wave  velocity  (if 
any)  as  the  limit  of  blast-induced  fractures  was  passed.  A  total 
of  nine  vibration  traverses  were  run  in  the  vicinity  of  the  crater. 

Analysis  of  the  vibration  traverses  relative  to  wavelength, 
velocity,  and  depth  showed  that  the  east-west  traverses  ejdaibited 
similar  results.  The  velocities  were  found  to  be  constant  at  each 
frequency  for  the  entire  extent  of  the  traverse.  The  traverse  east¬ 
ward  from  the  trench  200  feet  south  of  the  lip  showed  velocity 
trends  which  coiild  be  directly  correlated  to  known  geologic  horizons 
(Figure  D.l).  The  traverse  was  typical  of  all  traverses.  A  geo¬ 
logic  profile  constructed  from  boring  information  in  the  immediate 
area  substantiates  the  velocity  correlations.  It  will  be  noted  that 
the  major  break  in  velocities  occurs  at  a  depth  of  about  42  feet, 
which  is  the  approximate  contact  between  the  vesicular  and  the 
dense  basalt . 

It  was  noted  that  unusual,  seemingly  inconsistent  changes  were 
occurring  in  measured  distances  between  vibrator  half -wavelengths 
along  traverses  perpendicularly  approaching  the  crater.  When  these 
changes  were  noted,  careful  attention  was  given  to  every  wavelength 
measurement  in  1-foot  increments.  Plots  of  number  of  waves  versus 
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distance  readily  showed  the  changes  in  wavelength  as  distance  from 
the  vibratory  source  increased.  Figure  D.2  shows  a  typical  plot  of 
the  data  obtained  along  one  traverse  (V-8).  Table  D.l  gives  the 
computed  values  of  depth  of  wave  penetration  and  wave  velocity  for 
indicated  distances  from  the  vibration  at  each  frequency  and  wave¬ 
length  for  all  three  north-south  traverses. 

These  data  were  used  to  construct  the  cross  section  of  sub¬ 
surface  conditions  (Figure  D.3).  The  solid  contours  were  deter¬ 
mined  from  actual  shear  wave  velocity  data.  The  dashed  contours 
represent  the  presumed  preshot  velocity  conditions  in  areas  that 
appear  to  have  been  most  significantly  disturbed  by  the  detonation. 
The  extent  of  major  subsurface  disturbance  resulting  from  the  shot 
is  thought,  on  the  basis  of  this  investigation,  to  be  generally  de¬ 
fined  by  the  intersection  of  the  solid  and  dashed  contour  lines. 
This  area  appears  to  be  the  departure  from  the  norm,  which  was  the 
prime  basis  for  a  detailed  analysis  of  the  data  in  this  area  to 
determine  the  limit  of  major  disturbances.  The  boundary  was  con¬ 
structed  by  connecting  the  points  where  the  first  abrupt  velocity 
increase  occurred  for  each  frequency  (considering  all  traverses 
perpendicular  to  crater)  when  proceeding  away  from  the  crater. 

After  postshot  geological  data  had  been  analyzed  and  an  outer 
limit  of  blast  fracturing  approximated,  the  vibratory  data  were 
reexamined  to  try  to  identify  this  subtle  boundary.  A  velocity 
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increase,  which  was  also  frequency-dependent,  was  tentatively  iden¬ 
tified  at  an  average  distance  of  approximately  220  feet  from  ground 
zero.  Considering  only  the  data  below  a  depth  of  20  feet,  a  line 
was  constructed  to  show  the  limit  of  this  second  velocity  increase. 
This  boundary  was  interpreted  as  the  possible  limit  of  minor  dis¬ 
turbance  resulting  from  the  detonation.  One  unexplained  point  of 
interest  in  Figure  D.3  is  the  high-velocity  zone  which  occurs  at  a 
depth  of  about  65  to  75  feet  and  extends  over  most  of  the  traverse 
length.  This  is  represented  by  the  hatched  area  in  the  figure.  This 
6,000-ft/sec  zone  within  the  2,000+  contoured  area  could  possibly  be 
caused  by  a  layer  of  very  dense  basalt  or  an  interface  existing 
between  the  basalt  and  other  materials  such  as  revealed  in  some 
boring  logs. 
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TABLE  D,1  SHEAE  WAVE  VELOCITY  DETERMINATIONS, 

NORTH-SOUTH  TRAVERSES 

Traverse  Frequency 

Wavelength 

Distance 
from  Vibrator 

Depth  of 
Penetration 

Velocity 

cps 

feet 

feet 

feet 

ft /sec 

V-2  100 

6 

0-12+ 

3 

600 

75 

12 

0-25+ 

6 

900 

50 

25 

0-40+ 

12.5 

1,250 

40 

42 

0-65+ 

21 

1,680 

35 

50 

0-8CM- 

25 

1,750 

20 

104 

0-160+ 

52 

2,080 

16 

i4o 

0-145+ 

70 

2,240 

13 

156 

0-155+ 

78 

2,030 

12 

183 

0-185+ 

91.5 

2,200 

11 

206 

0-210+ 

103 

2,270 

V-8  50 

8 

0-l4 

4 

4oo 

20 

l4-40 

10 

1,000 

32 

44+ 

16 

1,600 

45 

11 

0-15 

5.5 

500 

27 

15-65 

13.5 

1,200 

34 

65+ 

17 

1,530 

40 

12 

0-l4 

6 

480 

39 

14-115 

19.5 

1,550 

50 

115+ 

25 

2,000 

35 

112 

0-12 

6 

420 

47 

12-115 

23.5 

1,650 

63 

U5+ 

31.5 

2,200 

30 

28 

0-18 

14 

840 

55 

18-100 

27.5 

1,650 

80 

100+ 

40 

2,400 

28 

35 

0-22 

17.5 

980 

66 

22-100 

33 

1,850 

100 

100 

50 

2,800 

25 

92 

50 

46 

2,300 

60 

50-75 

30 

1,500 

92 

75+ 

46 

2,300 

20 

128 

0-85 

64 

2,560 

75 

85-155 

37.5 

1,500 

100 

155 

50 

2,000 

10 

170 

0-170 

85 

1,700 

9 

240 

0-240 

120 

2,160 

V-9  56 

10 

0-20 

5 

560 

44 

20-76 

22 

2,460 

4 

76-84 

2 

220 

25 

84-164 

12.5 

i,4oo 

17 

164-235 

8.5 

950 

12 

2,354 

6 

670 

46 

30 

0-18 

15 

1,380 

144 

18-183 

72 

6,620 

4o 

183-232 

20 

l,84o 

19 

232+ 

9.5 

870 

4o 

43 

0-62 

21.5 

1,720 

131 

62-240 

65.5 

5,250 

20 

24o+ 

10 

800 

35 

65 

0-70 

32.5 

2,280 

150 

70-145 

75 

5,250 

44  . 

145-255 

22 

1,540 

24 

255+ 

12 

84o 

30 

69 

0-150 

34.5 

2,080 

92 

150-230 

46 

2,760 

30 

23CM- 

15 

900 

25 

98 

0-290+ 

49 

2,450 

20 

127 

0-295+ 

63.5 

2,540 

15 

164 

0-290+ 

82 

2,460 

10 

244 

290+ 

,  122 

2,440 
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SHEAR  WAVE  VELOCITY,  EPS 


0  10OO  2000  3000  Preshot  Surface 


Figure  D.l  Shear  wave  velocity  versus  depth  with  sutsurface 
profile  along  eastward  traverse  from  south  trench  at  dis¬ 
tance  of  200  feet  from  crater  lip. 
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«'  Figure  D.2  Number  of  shear  waves  versus  distance,  traverse  V-8. 
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U.  S.  Army  Engineer  District,  Norfolk,  Virginia 

U.  S.  Army  Engineer  District,  Philadelphia,  Pennsylvania 

U.  S.  Army  Engineer  Division,  North  Central,  Chicago,  Illinois 

U.  S.  Army  Engineer  District,  Buiffalo,  New  York 

U.  S.  Army  Engineer  District,  Chicago,  Illinois 

U.  S.  Army  Engineer  District,  Detroit,  Michigan 

U.  S.  Army  Engineer  District,  Rock  Island,  Illinois 

U.  S.  Army  Exxgineer  District,  St.  Paul,  Minnesota 
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U.  S.  Aiir^  Engineer  District,  Lake  Survey,  Detroit,  Michigan 

U.  3  Army  Engineer  Division,  north  Pacific,  Portland,  Oregon 

U.  S.  Aimiy  Erxgineer  District,  Portland,  Oregon 

U.  S.  Aimiy  Engineer  District,  Alaska,  Anchorage,  Alaska 

U.  S.  Army  Engineer  District,  Seattle,  Washington 

U.  S.  Army  Engineer  District,  Walla  Walla,  Washington 

U.  S.  Army  Engineer  Division,  Ohio  River,  Cincinnati,  Ohio 

U*  S.  Army  Engineer  District,  Huntington,  West  Virginia 

U.  S.  Army  Engineer  District,  Louisville,  Kentucky 

U.  S.  Army  Engineer  District,  Nashville,  Tennessee 

U.  S.  Army  Engineer  District,  Pittsburgh,  Pennsylvania 

U.  S.  Army  Engineer  Division,  Pacific  Ocean,  Honolulu,  Hawaii 

U.  S.  Army  Engineer  District,  Far  East,  San  Francisco,  California 

U.  S.  Army  Engineer  District,  Honolulu,  Hawaii 

U.  S.  Army  Engineer  District,  Okinawa,  San  Francisco,  California 

U.  S.  Army  Engineer  Division,  South  Atlantic,  Atlanta,  Georgia 

U.  S.  Army  Engineer  District,  Canaveral,  Merritt  Island,  Florida 

U.  S.  Army  Engineer  District,  Charleston,  South  Carolina 

U.  S  Army  Engineer  District,  Jacksonville,  Florida 

U.  S.  Army  Engineer  District,  Mobile,  Alabama 

U.  S.  Army  Engineer  District,  Savaimah,  Georgia 

U.  3.  Army  Engineer  District,  Wilmington,  Worth  Carolina 

U.  S.  Army  Engineer  Division,  South  Pacific,  San  Francisco,  California 

U.  S.  Army  Engineer  District,  Los  Angeles,  California 

U.  S.  Army  Engineer  District,  Sacramento,  California 

U.  S.  Aimy  Engineer  District,  San  Francisco,  California 

U.  S.  Army  Engineer  Division,  Southwestern,  Dallas,  Texas 
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U.  S.  AiTuy  Engineer  District,  Albuquerque,  New  Mexico 

U.  3.  Anny  Engineer  District,  Fort  Worth,  Texas 

U.  S.  Army  Engineer  District,  Galveston,  Texas 

U.  S.  Army  Engineer  District,  Little  Rock,  Arkansas 

U.  S.  Army  Engineer  District,  Tulsa,  Oklahoma 

U.  S.  Army  Liaison  Detachment,  New  York,  N.Y. 

Mississippi  River  Commission,  Vicksburg,  Mississippi 

Rivers  and  Harbors,  Boards  of  Engineers,  Washington,  D.  C. 

Corps  of  Engineer  Ballistic  Missile  Construction  Office 
Norton  Air  Force  Base,  California 

U.  S.  Army  Engineer  Center,  Ft.  Belvoir,  Virginia 

U.  S.  Army  Engineer  School,  Ft.  Belvoir,  Virginia 

U.  S.  Army  Engineer  Reactors  Group,  Ft.  Belvoir,  Virginia 

U.  S.  Army  Engineer  Training  Center,  Ft.  Leonard  Wood,  Missouri 

U.  S.  Coastal  Engineering  Research  Board,  Washington,  D.  C. 

U.  S.  Army  Engineer  Waterways  Experiment  Station,  Vicksburg,  Mississippi  75 

U.  S.  Army  Engineer  Nuclear  Cratering  Group,  Livermore,  California  50 
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